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ABSTRACT
The combination of the spin transfer torque and spin Hall effects, or their reciprocal dynamical
spin pumping and inverse spin Hall effects, respectively, enable reading and controlling the
magnetization state in spintronics devices which are at the verge of mass commercialization as the
next generation of energy-efficient and fast magnetic random-access memory applications with
the use of ferromagnetic elements, e.g., the spin valve. However, these effects have remained
elusive in antiferromagnetic-based devices up to date, despite the fascinating advantages offered
by the absence of stray fields (zero net magnetization), Terahertz spin dynamics, and the
widespread availability of metallic, insulating and semiconducting antiferromagnetic materials. In
this thesis I report the first demonstration of sub-Terahertz dynamical spin pumping at the interface
between an antiferromagnet and a non-magnetic material; more specifically a uniaxial insulating
antiferromagnet MnF2 and heavy metal Pt. The measured ISHE signal generated by the
corresponding spin-charge current interconversion in the platinum layer is modulated by the
handedness of the circularly polarized sub-THz irradiation. This effect results directly from the
opposite chirality of each of the fundamental dynamical modes of the antiferromagnet. Contrary
to the case of ferromagnets, this observation in an antiferromagnetic system allows unambiguously
differentiating coherent spin pumping from incoherent spin Seeback effect, by which electric
signals result from thermal activation. A complete study of the generated electric signals at the
antiferromagnetic resonances, the spin-flop mode and the transition between the two regimes as
the microwave polarization is continuously varied from circular to linear polarizations enabled an
understanding of the different phenomena governing interconversion of spin dynamics and charge
currents at the MnF2/Pt interface.
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CHAPTER 1 : INTRODUCTION
This section gives the premise to this thesis and discusses the state-of-art in this field. The details
of some of the topics discussed here will be presented in detail later on in this thesis.

1.1 Antiferromagnetism and Spintronics
Charge is a fundamental property intrinsic to electrons that has been harnessed for over a century
for the manipulation and storage of information. Another intrinsic property associated with
electrons is their intrinsic angular momentum commonly known as “spin”. Movement of spin
either in the form of spin-current or in the form of spin-polarized charge current has been the basis
of the field of spintronics and ferromagnets with their magnetization have proved useful in this
field. The magnetization direction of a ferromagnet can represent a bit of information with the
orientation in the direction of field (up) as 1 and against the direction of field (down) as 0. Some
of the central concepts of spintronics include generation and detection of spin current via
dynamical Spin Pumping and Inverse Spin Hall Effect (ISHE) respectively and spin transport via
Spin-Transfer Torque (STT) and Spin Hall Effect (SHE). Recently though, the field of spintronics
has been focused on reducing power consumption and scale [1, 2] and antiferromagnets have great
possibility in this regard.

In this context, some unique characteristics of antiferromagnets become interesting. In particular,
antiferromagnets present a long-range ordering causing the magnetic moments to align in a regular
1

pattern with their neighboring magnetic moments pointing in opposite directions and resulting in
zero net magnetization. The implication of this is that antiferromagnets do not have stray fields
and are practically immune to external magnetic field perturbations. The dynamics of
antiferromagnets are also much faster than that of ferromagnets: A strong exchange field coupled
with anisotropy give typical antiferromagnets resonance frequencies in the Terahertz regime.
These qualities have pushed antiferromagnets into the limelight as suitable candidates for faster,
compact, and more efficient materials for spintronic applications [3].

Figure 1.1: Illustration of a spin valve in a magnetic recording head where the AF provides
exchange bias and pins the magnetization of the FM reference layer while the FM sensor layer
can have its magnetization switched electrically by charge current with spins polarized from the
reference layer via spin-transfer torque. [4]

2

Antiferromagnets have been considered suitable only for theoretical considerations as put forth by
Louis Néel in this Nobel lecture from 1970 [5], until the early 1990s when exchange bias found
its place in large scale industrial application in recording heads of memory devices (hard disks,
Figure (1.1))[6-8]. Indeed, antiferromagnets have been used commercially to provide exchange
bias to pin down the magnetization of reference ferromagnetic layer in spin valves. Presently,
because of the promising properties of antiferromagnets, efforts are being made at looking into the
possibility of replacing ferromagnets with antiferromagnets as active elements and creating
efficient and stable devices with antiferromagnets are the major components.

1.2 Antiferromagnetic Materials
Antiferromagnetic materials are more abundant than ferromagnets and are mostly found in the
form of transition metal oxides, halides and metal alloys. They exist in both metallic and insulator
forms. Metallic AFs are mostly Mn-based alloys such as IrMn, PtMn and FeMn, relatively easy to
fabricate using sputtering techniques, hence their widespread use in industrial applications. They
have also been used for the study of spintronic concepts such as the spin Hall effect [9-11], spin
pumping [12, 13], spin-transfer effects [14] and the spin transfer torque [15]. Oxides and halides
of transition metals constitute the respective families of insulating AFs and they have recently
attracted significant attention from theorists and experimentalists alike since they offer
substantially lower damping (losses) than their metallic counterparts. The oxides are ideal for
studying magnonic and caloritronic effects such as spin wave propagation and spin Seebeck effect
[16-18]. The halides such as MnF2 [19] and FeCl2 [20] exhibit spin-flop and spin-flip transitions
3

respectively. In particular MnF2 exhibits this transition below 10T making it desirable for
experiments. These transitions allow control of the antiferromagnetic resonant mode degeneracy
[21] and have been used to demonstrate the spin Seebeck effect [16] and dynamical spin pumping
(this thesis).

In addition to these, antiferromagnetic semi-conductors (MnTe, [22]) and semi-metals (CuMnAs,
[23]) have shown great promise. CuMnAs has been used to create the first ferro-magnet-free
memory prototypes recently that utilizes inverse spin galvanic effect and planar Hall effect for
writing and reading [23]. Moreover, antiferromagnetic order was found in topologically nontrivial
phases of matter such as Weyl semimetals GdPtBi [24] and CuMnAs [25] spurring a whole new
field of topological antiferromagnetic spintronics [26].

1.3 Control and Manipulation of Antiferromagnetic Order
The question of how to control and manipulate the antiferromagnetic order began as soon as the
antiferromagnetic order was discovered and studied. Since then significant advancements have
been made in developing techniques to achieve this goal.

1.3.1 Manipulation by Magnetic Field
Currently, the antiferromagnetic order can be manipulated by several different methods and one
of them is the application of a magnetic field (Stoner-Wohlfarth model) which can reorient an

4

antiferromagnetic sublattice and can help determining the magnetic anisotropy of the system. Such
magnetic field manipulation is quite evident in MnF2 [19] and FeCl2 [20], where spin-flop and
spin-flip transitions can be induced by the application of the field. The effect of magnetic field on
the dynamics of a uniaxial antiferromagnet will be discussed at length in Chapter 3.

1.3.2 Manipulation by Light
Antiferromagnets are able to display linear dichroism due to the breaking of time-reversal
symmetry resulting in the absorption of linearly polarized light based on the orientation of the Néel
order parameter. This property has been utilized to control the AF order parameter in MnF2 [27],
NiO [28] and very recently in HoFeO3 [29] where inertial switching is observed. Very high
frequency AF modes of NiO [3], MnO [30] and others have been achieved through optical
excitation leading to the study of AF spin-wave modes using femto-magnetism and THz stimuli
[31]. Efforts are also being made to generate THz radiation using spin polarized charge current or
spin current in AF systems [32].

1.3.3 Manipulation by exchange bias
Just as antiferromagnets can be used to pin the magnetization of ferromagnets using exchange bias,
conversely exchange bias can be utilized to manipulate the antiferromagnetic order. In fact,
exchange bias can be used to study current-induced antiferromagnetic order manipulation (spintransfer torque) as well as its Onsager reciprocal – spin pumping, which is the focus of this thesis.
These will be discussed in detail in Chapter 4. Spin-transfer torque in antiferromagnets was
predicted first by Nunez [33]. Since then attempts both in calculations [34-37] and experiments
5

[38, 39] have been made to realize AF spin valves and AF tunnel junctions. One of the challenges
in realizing spin-transfer torque in AF-based devices experimentally is that the current-induced
changes of the AF order are present only when the current is present. The AF system goes back to
its original state as soon as the inducing current is removed just as in an exchange spring [38].
Current-driven AF dynamics has also gathered attention in recent times under the context of
exploiting damping-like torque to induce spin dynamics in AF systems with uniaxial and biaxial
anisotropies [40-42]. In addition, inertial switching of an antiferromagnet with uniaxial anisotropy
under a current pulse has been theoretically investigated by Cheng et.al. [43].

Reciprocal to spin-transfer torque, spin pumping has been elusive in AF systems to this date. Ross
et.al. [44] attempted at observing spin-pumping in insulating MnF2 at low frequencies but failed.
The possible reasons have been given by Cheng et. al [45] and Øyvind et. al [46]. Cheng et. al.
[45] attribute the very low microwave absorption efficiency at resonance point in MnF2 as the
reason for the suppression of the signals while Øyvind et. al [46] point out the polarization
dependence of electric signal from spin pumping in uniaxial antiferromagnets like MnF2 and FeF2.
The much larger microwave absorption efficiency of FeF2 [45] has made it a promising candidate
albeit the dynamics of this system is in the THz regime. Other approaches to manipulate the AF
order parameter have also been explored and include the spin-orbit torques [47], the inverse spin
galvanic torque [23, 48], the spin Hall torque [49] and the spin Seebeck effect [16].
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1.4 Uniaxial Antiferromagnet MnF2
MnF2 is a uniaxial antiferromagnet with a well-defined easy axis in the c-direction. The crystal
14
structure is of rutile nature as shown in Figure 1.2, belonging to the tetragonal space group 𝐷4ℎ

with two molecules per unit cell. The lattice parameters of MnF2 are tabulated in Table 1.1.
Neutron scattering study below the Néel temperature [50] have revealed the magnetic structure of
MnF2. Below the Néel temperature, the spins at the body center sites point antiparallel to those the
corner sites with the spin easy axis parallel to the c-axis. The orbital angular momentum of the
Mn2+ ion in MnF2 is essentially zero and thus the weak anisotropy is dominated by dipole-dipole
interactions. This coupled with a large isotropic exchange force produces a large anisotropic field
resulting in a stable magnetic configuration of spins aligning along the tetragonal axis [50] and
causing the zero-field uniform antiferromagnetic resonance (AFMR) uniform mode to occur at a
relative low frequency of 261GHz. The dynamic response of this system will be described in detail
in Chapter 3.

7

Figure 1.2: Crystal structure of MnF2: The Mn2+ ions form a body centered tetragonal unit cell.
The arrows show the orientation of magnetic moments at each Mn2+ ion site. The body center Mn2+
ion is magnetically aligned antiparallel to the Mn2+ ions at the corner sites.

Table 1.1.Room temperature lattice parameters, Néel temperatures, next-nearest neighbor
magnetic exchange interactions Jnnn and uniaxial magnetic anisotropies A and E of MnF2.

a (nm)

c (nm)

Spin

TN (K)

Jnnn (meV)

A (meV)

E (meV)

0.4873

0.3310

5/2

67.0

0.304

-0.092

-

MnF2

8

CHAPTER 2 : ANTIFERROMAGNETIC THEORY
This section provides the physical background on antiferromagnetism. It also presents the different
fields contributing to the free energy of an antiferromagnetic system.

2.1 Introduction
Antiferromagnets are a class of magnetic materials with a distinct feature about them: their
magnetic moments are Weiss field coupled with a negative exchange integral, which sets them
apart from ferromagnets. This feature also renders them with a zero net magnetization at
equilibrium as the neighboring spins are oppositely ordered by a long range ordering. Initiated and
extensively studied by Néel, the theory of antiferromagnetism has been expanded by van Vleck,
Nagamiya and others. In most cases, the AF crystal lattice is modeled as a combination of two
sublattices: one with positive spins and the other with negative spins at absolute zero and just as
in ferromagnets, the ordering transition occurs at a thermal point called as Néel temperature. Below
this temperature, the long range magnetic ordering is preserved by a magnetic energy resulting
from anisotropy and exchange interactions.

2.2 Magnetic Properties
Kittel[51] describes antiferromagnetism as a special case of a ferrimagnet where both the
sublattices have equal saturation magnetization and the Néel temperature in the mean field
9

approximation is given by 𝑇𝑁 = 𝜇𝐶, where 𝐶 is the Curie constant for a single lattice. He gives the
2𝐶

susceptibility of an AFM in the paramagnetic region of 𝑇 > 𝑇𝑁 as 𝜒 = 𝑇+𝑇
2𝐶

𝑁

whereas the

𝜃

experimental results at 𝑇 > 𝑇𝑁 are of the form 𝜒 = 𝑇+𝜃, where the value of 𝑇 differs from unity
𝑁

and can be obtained after considering next-nearest-neighbor interactions[51].

Figure 2.1: Temperature dependence of the magnetic susceptibility in AFMs. Below the Néel
temperature, the spins in an AFM have antiparallel orientation. The susceptibility maximizes at
the Néel temperature, as indicated by the prominent kink in the curve at 𝑇 = 𝑇𝑁 .

Kittel describes two unique situations: i) when the external field is perpendicular to the axis of the
spins, and ii) when the field is parallel to the axis, subsequently describing two susceptibilities (𝜒∥
and 𝜒⊥) below the Néel temperature. Above the Néel temperature the susceptibility is nearly
10

independent of the direction of the field relative to the spin axis. He gives an elementary method
within mean field approximation, of obtaining these susceptibilities where he defines the energy
density in the presence of external field 𝑯 as
1
𝑈 = (𝑴+ ∙ 𝑴− ) − 𝑯 ∙ (𝑴+ + 𝑴− ) ≅ −𝑀2 [1 − (2𝜑)2 ] − 2𝐻𝑀𝜑
2

(2.1)

where 2𝜑 is the angle between the two spins and 𝑀 = |𝑀+ | = |𝑀− |.

Figure 2.2: Calculation of (a) perpendicular and (b) parallel susceptibilities of an antiferromagnet
at zero temperature in the mean field approximation

𝐻

Minimizing the energy yields 𝜑 = 2𝑀 which then gives the perpendicular susceptibility as
𝜒⊥ =

2𝑀𝜑
𝐻
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(2.2)

The parallel susceptibility at zero temperature is zero as the magnetic energy in this orientation is
not changed if the spins make equal angles with the field. Thus
𝜒∥ (0𝐾) = 0

(2.3)

The parallel susceptibility increases smoothly with temperature up to the Néel temperature while
the perpendicular susceptibility stays constant. Beyond this point the susceptibility follows a
paramagnetic pattern, decreasing steadily with temperature. An example of this is observed in
MnF2 (Figure 2.3).

Figure 2.3 : Magnetic susceptibility of MnF2, parallel and perpendicular to the tetragonal axis
[51]
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In the van Vleck theory, each type of spin (𝑺± ) in an AFM is subjected to an effective field arising
from a molecular magnetic field due to the surrounding 𝑺∓ spins and the external magnetic field
and is given as
−1 −1 ̅∓
𝑯±
𝑒𝑓𝑓 = 𝑯 + 2𝐽𝑧𝑔 𝛽 𝑺

(2.4)

where,
𝐽 is the negative exchange integral
𝑧 is the number of nearest neighbors
𝑔 = 2 is the Landé factor
ℎ𝑒

𝛽 = 4𝜋𝑚𝑐 is the Bohr magneton
𝑯 is the external field, and
̅∓ is the statistical average of 𝑺± at a given T
𝑺
van Vleck assumes ̅
𝑺∓ and 𝑯±
𝑒𝑓𝑓 to be in the same direction. Thus
̅± = 𝜒 ± 𝑯±
𝑔𝛽𝑺
𝑒𝑓𝑓

(2.5)

̅± are perpendicular to the external field for vanishing field strength
There is an exception where 𝑺
given by
𝜒+ = 𝜒− =

1
−2𝐽𝑧𝑔−2 𝛽 −2

This gives a magnetization per unit volume 𝑴 as
13

(2.6)

1
𝑁𝑔2 𝛽 2
+
−)
̅
̅
𝑴 = 𝑁𝑔𝛽(𝑺 + 𝑺 =
𝑯
2
−4𝐽𝑧

(2.7)

where 𝑁 is the number of atoms per unit volume.

van Vleck assumes that the parallel and perpendicular domains in an AFM exist in the ratio of 1:2
and gives the susceptibility formula 𝜒 =

𝜒∥ +2𝜒⊥
3

. Nagamiya argues that this assumption cannot be

justified as the difference in free energy per unit volume between the two domains, namely
1
2

(𝜒∥ − 𝜒⊥ )𝐻 2, is positive implying only perpendicular domains exist under thermal equilibrium

and thus a constant susceptibility below the Curie point, which contradicted experimental
observations. Further Nagamiya explains that while the anisotropy energy is of the same order in
both the ferromagnets and antiferromagnets, the external field energy (−𝑴𝑯) in ferromagnets can
be greater than the anisotropy energy allowing the magnetization 𝑴 to be easily turned in the
1

direction of the external field while in antiferromagnets this energy, given as − 2 𝜒𝐻 2 , is so small
that the spontaneous magnetization of the two sublattices can hardly deviate from the easy axis for
ordinary field strength. This calls for a larger role of anisotropy in the antiferromagnetic theory
and thus, Nagamiya defines one or many mutually equivalent axes of easy magnetization about
which the anisotropy energy has rotational symmetry for small angles of deviation. If z-axis were
to be considered one of such axes, then the anisotropy energy would be expressed in terms of the
perpendicular direction cosines 𝛼 ± and 𝛽 ± as

𝐹=

1
𝐾[(𝛼 +2 + 𝛽 +2 ) + (𝛼 −2 + 𝛽 −2 )]
2
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(2.8)

where 𝐾 is the anisotropy constant and can be of different types such as uniaxial, cubic, etc. The
effective magnetic field acting upon 𝑴± due to this energy is given as

−

Defining 𝐴 =

−4𝐽𝑧𝑔−2 𝛽 −2
𝑁

𝐾
(𝛼 ± , 𝛽 ± , 0)
𝑀𝑜

(2.9)

, Nagamiya gives a total magnetization as

𝑀 = 𝑀+ + 𝑀− = (0,

𝐻𝛽𝐻
, 0)
𝐴

(2.10)

1
𝐴

(2.11)

and the parallel and perpendicular susceptibilities as

𝜒∥ = 0, 𝜒⊥ =

The theories developed by van Vleck and Nagamiya both point towards the same susceptibility
formula except for the essential difference in the definition of parallel and perpendicular directions.
While van Vleck defines them as the directions of spontaneous magnetization, Nagamiya improves
upon it by addressing them as the axes of easy magnetization.

2.3 Spin Flop Transition
A characteristic feature of easy axis antiferromagnets is that they undergo a field dependent first
order phase transition where, under the effect of an external field applied along the easy axis, the
oppositely directed magnetic moments break symmetry and reorient themselves perpendicular to
15

the applied field, aptly named spin flop. First theorized by Néel for classical two-sublattice based
antiferromagnets with sufficiently weak anisotropy in 1936, it was observed fifteen years later in
1951 in CuCl2.2H2O. The spin flop transition has been observed in many types of antiferromagnets
since then. Even though the term spin flop was originally strictly used for two-sublattice collinear
easy-axis AFMs, the term has now expanded its definition to include such transition in other AFMs
caused by similar field driven mechanisms such as AFMs with Dzyaloshinskii-Moriya interaction,
in multi-sublattice AFMs and in noncentrosymmetric AFMs. More detailed treatment of this
phenomenon will be done in Chapter 3.

2.4 Energy contributions in a uniaxial Antiferromagnet
In a uniaxial AFM, the most dominant energy contributions arise from the following interactions:

2.4.1 Exchange interaction
This is a quantum mechanical coupling between the magnetic moments of identical particles like
electrons by virtue of which the individual moments either align parallel or antiparallel to each
other giving rise to magnetic states such as ferromagnetism, antiferromagnetism and
ferrimagnetism. The charge distribution of a system of two spins depends on the relative
orientation between them as per Pauli exclusion principle and the electrostatic energy difference
between the two defines the exchange energy. The three main types of exchange interactions are
i) direct exchange, ii) double exchange and iii) superexchange.
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Direct exchange interaction is a very strong interaction between nearest neighbor cations but
exponentially decays with interatomic distance. In the Heisenberg model, this interaction can be
represented for a system of two electron spins as:
̂𝑒𝑥 = −2𝐽𝑒𝑥 𝑆̂1 𝑆̂2
𝐻

(2.12)

where 𝑆̂1 , 𝑆̂2 are the spin operators and 𝐽𝑒𝑥 is the exchange integral (or overlap) integral. Direct
exchange exists between magnetic moments placed close enough for their wavefunctions to
sufficiently overlap. For larger interatomic distances,

𝐽𝑒𝑥 > 0 and parallel alignment for

ferromagnetic systems comes into existence. For smaller interatomic distances, 𝐽𝑒𝑥 is negative and
antiferromagnetic and ferrimagnetic systems are formed. This is represented by the Bethe-Slater
curve for the magnitude of direct exchange as a function of interatomic distance (Figure 2.4)[52,
53].

Double exchange is a mechanism of indirect exchange coupling between moments in different
oxidation states over relatively large distances and was first proposed by Zener(1951) who
theorized that in mixed crystals of materials such as LaMnO3 and BaMnO3, ferromagnetic
alignment occurs due the lowered energy resulting from the fact that electron transfer from one
species to another does not have to involve a change in spin direction in order to conform with
Hund’s rule. This idea is superficially similar to superexchange where a similar indirect exchange
interaction occurs. Also known as Kramers-Anderson superexchange, this coupling is
predominantly observed in antiferromagnets between cations that are next-nearest neighbor
through a non-magnetic anion (for example the oxygen in MnO). Here the two involved cations
17

are in the same oxidation state as opposed to double exchange. If the involved cations are
connected to the intermediary anion at 90 degrees, then the alignment can be ferromagnetic. A
limiting case of double exchange interaction is the Ruderman-Kittel-Kasuya-Yoshida (RKKY)
interaction where coupling occurs between nuclear magnetic moments or localized inner d- or fshell electron spins in a metal through conduction electrons.

Figure 2.4 : Bethe-Slater curve for the magnitude of exchange integral as a function of interatomic
distance. Most ferromagnets with positive exchange integral have a larger interatomic distance
than the antiferromagnets with negative exchange integral.

In MnF2, the dominant exchange interaction is the direct exchange where the free energy term
associated with the exchange field 𝑯𝑬 is Λ𝜇𝑜 𝑀1 . 𝑀2 , with 𝜇𝑜 𝐻𝐸 = Λ𝑀, 𝑀 being the magnitude of
the magnetic moments.
18

2.4.2 Anisotropy
Crystals of ferromagnets and antiferromagnets display intrinsic magnetic anisotropy. This
anisotropy can be considered to originate from three sources: 1) dipolar interaction between
magnetic moments, 2) anisotropic exchange interaction or pseudo-dipolar interaction (van Vleck,
1937b,1951), which is a combined effect of LS coupling and exchange interaction and 3)
crystalline field anisotropy. When a free magnetic ion feels the crystalline electric field arising
from surrounding positive and negative ions, Stark effect causes the directional degeneracy of the
orbital angular momentum L to be partially or completely lifted and the ground state magnetic
moment can be considered as spin (S) magnetic moment. However, the anisotropic off-diagonal
elements of spin angular momentum vector S still contribute to the ground state magnetic moment
as a perturbation which makes the magnetic moment possessed by a magnetic ion and
consequently the g-value to be anisotropic.

The three origins of anisotropy discussed above give rise to anisotropy energy not only in the AF
state but also anisotropy energy to susceptibility above the Néel temperature. In the AF state, the
spin lattice is divided into two sublattices with one being occupied by plus spins and the other by
minus spins. The direction of the common axis of these plus and minus spins with respect to the
crystal axes is fixed by the anisotropy energy.

19

The anisotropy of MnF2 has been studied by Yoshida (1951) and Keffer (1952). In particular
Keffer concluded that the main contributor to the anisotropy energy in MnF2 is the magnetic
dipolar energy. The free state of Mn2+ is 6S(3d)5 with no orbital degeneracy. However, van Vleck
and Penney (1934) have shown that the crystalline field and spin-orbit coupling also contribute to
the anisotropy energy in MnF2. Thus, the anisotropy energy in the crystal of MnF2 can be
represented in the following form:
𝐷𝛼 𝑆𝛼2 + 𝐷𝛽 𝑆𝛽2 − (𝐷𝛼 + 𝐷𝛽 )𝑆𝛾2
𝐷𝛽 𝑆𝛼2 + 𝐷𝛼 𝑆𝛽2 − (𝐷𝛼 + 𝐷𝛽 )𝑆𝛾2

for the corner ion
for the body-center ion

where MnF2 as a rutile crystal is modeled to have a body-centered tetragonal lattice and
𝛼, 𝛽, 𝛾 represent the principal axes of the crystalline field at each site. The anisotropy energy
calculations performed by Keffer based on the superstructure of spins determined by neutron
diffraction study by Erickson and Shull (1951) and Shull (1953) show the corner sited occupied
by plus spins and the body-centered sites by minus spins.

In a phenomenological approach, the effect of anisotropy can be interpreted in the form of an
anisotropy energy. Anisotropy in magnetization and magnetic properties lead to the existence of
an easy axis of magnetization which is the axis along which spins align in the absence of an
external field. If 𝜃1 and 𝜃2 are the angles made by the magnetization vectors of the two sublattices,
the free energy associated with anisotropy in the case of a uniaxial crystal like that of MnF2 can
be written as:
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𝐾
𝐹𝑎 = ( )(𝑠𝑖𝑛2 𝜃1 + 𝑠𝑖𝑛2 𝜃2 )
2

(2.13)

2.4.3 Zeeman Interaction
Like any magnetic system, antiferromagnets experience Zeeman interaction when placed in an
external magnetic field. The application of a static magnetic field on a system of electrons causes
the energy level of the system to split into two or more components between which transitions are
possible upon application of suitable electromagnetic radiation. This effect is known as the
Zeeman effect and is the basis upon which applications involving resonance spectroscopy are
developed. Detailed mathematical treatment of Zeeman interaction in case of uniaxial
antiferromagnet will be done in Chapter 3. The free energy associated with Zeeman interaction in
the case of a two-sublattice uniaxial antiferromagnet can be written as:
𝐹𝑍𝑒𝑒𝑚𝑎𝑛 = −𝜇𝑜 𝑯𝑜 . (𝑴1 + 𝑴2 )
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(2.14)

CHAPTER 3 : MAGNETIC RESONANCE THEORY
This section deals with the theory behind magnetic resonance and its quantum mechanical
treatment starting with an electron spin system, extending to ferromagnetic systems and
analogically antiferromagnetic systems

3.1 Electron Paramagnetic Resonance
Electron Paramagnetic Resonance (EPR) is a very useful technique of spectroscopy to investigate
a wide range of problems in fundamental and applied sciences such as understanding fundamental
physics, characterization and study of molecules and compounds in material and earth sciences as
well as biology and medicine. It is in principle similar to Nuclear Magnetic Resonance (NMR)
spectroscopy except the obvious difference of the use of electron spin in EPR instead of nuclear
spin in NMR. The basic idea behind EPR is to utilize the resonant state of electron spin to absorb
electromagnetic radiation of a suitable frequency.

An electron is associated with an intrinsic angular momentum conveniently called spin which has
a value of ½. Thus, a free electron is best described as a spin-half (1/2) system. A spin-half system
with magnetic moment 𝝁 has two energy levels described by their spin states: Up (+½) and Down
(-½) and in the absence of any external field, they are degenerate. When placed in an external
magnetic field 𝐻𝑜 , this degeneracy is lifted as the two states split in energy levels as illustrated in
Figure 3.1.
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Figure 3.1: Breit-Rabi diagram representing the splitting of energy levels in a spin ½ system in an
external field. Transitions between the two levels is possible by the absorption of a microwave
radiation of a field-dependent frequency.

This phenomenon is known as Zeeman splitting and the Zeeman energy term is given as:
𝐻𝑍𝑒𝑒𝑚𝑎𝑛 = −𝝁. 𝜇𝑜 𝑯𝑜

(3.1)

The corresponding eigenstates quantized by the magnetic quantum number 𝑚𝑗 are given as:
𝐸𝑘 = 𝑔𝜇𝑜 𝜇𝐵 𝑚𝑘 𝐻𝑜

(3.2)

The size of the gap between 𝑖 and 𝑗 states is thus ∆𝐸 = 𝐸𝑖 − 𝐸𝑗 = 𝑔𝜇𝑜 𝜇𝐵 𝐻𝑜 which increases with
increasing field. Transition between these two states can be achieved by irradiating the system
with microwaves of frequency 𝜔 that satisfy the condition:
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ℏ𝜔 = Δ𝐸 = 𝑔𝜇𝑜 𝜇𝐵 𝐻𝑜 ; ∆𝑚𝑘 = ±1

(3.3)

The polarization of microwave field 𝑯𝑟𝑓 that allow such transition has to be perpendicular to 𝑯𝒐
which means that the spin resonance is excited only if the polarization of the electromagnetic wave
possesses r.f. magnetic field components orthogonal to the applied magnetic field.

Interestingly Vonsovskii showed in his book that such a resonance condition can be derived
classically. When a magnetic moment 𝝁 is placed in an external magnetic field 𝑯𝒐 , it experiences
a torque 𝚻 that works to align the magnetic moment in the direction of the magnetic field:
𝚻 = 𝝁 × 𝜇𝑜 𝑯𝑜

(3.4)
𝑑𝑳

Utilizing Newton’s second law of motion for angular momentum 𝑑𝑡 = 𝚻 and also the fact that 𝝁 =
𝑒𝑔

−𝛾𝑳, where 𝛾 = 2𝑚 is the gyromagnetic ratio and the negative sign is for electronic charge, the
𝑒

equation of motion of a magnetic moment in an external magnetic field comes out to be:
𝑑𝝁
= −𝛾𝝁 × 𝜇𝑜 𝑯𝑜
𝑑𝑡

(3.5)

The solution to Eqn. (3.5) yields a precessional motion with a frequency known as Larmor
frequency given by 𝜔𝐿 = 𝛾𝜇𝑜 𝐻𝑜 . Microwave radiation of this frequency is absorbed at resonance
and the precessional cone angle Θ (Figure 3.2) will be enhanced, ultimately leading to a complete
spin reversal. The resonance condition here is the same as the one obtained quantum mechanically
by utilizing the transformation: 𝛾 =

𝑔𝜇𝐵
ℏ

.
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Figure 3.2: Illustration of the precessional cone of cone angle 𝛩 formed by torque exerted by an
external field on a magnetic moment 𝝁.

3.2 Ferromagnetic Resonance
Typical ferromagnetic materials are defined by their large exchange fields as well as an internal
anisotropic field which enable the magnetic moments to be aligned parallel to each other in the
direction of the easy axis of magnetization at equilibrium. This enables one to apply a macrospin
description to the ferromagnetic system and define magnetization as:
𝑴=∑
𝑉

where 𝑉 is the sample volume.
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𝝁
𝑉

(3.6)

Kittel studied ferromagnetic resonance with shape effects in mind and derives the basic resonance
frequencies as he did in case of Nuclear Magnetic Resonance (NMR)[51]. He defined
demagnetizing factors 𝑁𝑥 , 𝑁𝑦 , 𝑁𝑧 along the three axes of the specimen such that the relation
between internal magnetic field (𝑯𝑖𝑛𝑡 ) and applied magnetic fields (𝑯𝑜 ) are given as:
𝑦

𝑦

𝑥
𝑧
𝐻𝑖𝑛𝑡
= 𝐻𝑜𝑥 − 𝑁𝑥 𝑀𝑥 ; 𝐻𝑖𝑛𝑡 = 𝐻𝑜 − 𝑁𝑦 𝑀𝑦 ; 𝐻𝑖𝑛𝑡
= 𝐻𝑜𝑧 − 𝑁𝑧 𝑀𝑧

(3.7)

For a thin film with applied field along z-direction (𝑀𝑥 , 𝑀𝑦 , 𝑀𝑧 = 𝑀), 𝑁𝑥 = 𝑁𝑦 = 0, 𝑁𝑧 = 1, thus
the equation of motion of spin with macrospin description
𝑑𝑴
= 𝛾(𝑴 × 𝜇𝒐 𝑯𝑒𝑓𝑓 )
𝑑𝑡

(3.8)

can be decomposed into the following components with 𝑩𝑜 = 𝜇𝑜 𝑯𝑜
𝑑𝑀𝑥
= 𝑀𝑦
𝑑𝑡

(3.9)

𝑑𝑀𝑦
= [−𝛾(𝐵𝑜 − 𝜇𝑜 𝑀)]𝑀𝑥
𝑑𝑡

(3.10)

𝑑𝑀𝑧
=0
𝑑𝑡

(3.11)

For a time-dependent solution ∝ 𝑒 −𝑖𝜔𝑡 , we solve the matrix determinant of the system of equation
to get the resonance frequencies,
1

𝜔𝑜 = 𝛾(𝐵𝑜 − 𝜇𝑜 𝑀)2
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(3.12)

For the purposes of this thesis, we adopt the free energy picture of this phenomenon where each
contributing field is represented by its free energy contribution to calculate the resonances. This is
as follows:
The effective field in a ferromagnet is a sum of the applied external field and the internal fields,
i.e.,
𝑯𝑒𝑓𝑓 = 𝑯𝑜 + 𝑯𝑖𝑛𝑡

(3.13)

The other factor affecting magnetization dynamics in ferromagnets is the relaxation or damping
process. 𝑯𝑒𝑓𝑓 in Eqn. (3.8) leads to a precessional motion of magnetic moments in the sample
volume which also interacts with local fields, disseminating energy in the process and thus relaxing
back to its equilibrium position along 𝑯𝑒𝑓𝑓 . While Eqn. (3.8) describes the precessional motion,
the damping factor was added to the equation by Landau-Lifshitz [54] in the form of a
𝛾

phenomenological damping factor 𝜆 = 𝛼 𝑀 in Eqn. (3.8) and summing over the sample volume, to
give the Landau-Lifshitz equation for ferromagnetic dynamics:
𝑑𝑴
= −𝛾[𝑴 × 𝜇𝒐 𝑯𝑒𝑓𝑓 ] − 𝜆 [𝑴 × [𝑴 × 𝜇𝒐 𝑯𝑒𝑓𝑓 ]]
𝑑𝑡

(3.14)

Here 𝛼 is a dimensionless quantity called damping factor. The first term in Eqn. (3.14) represents
the precessional motion while the second term represents the damping motion and the magnitude
of 𝑴 is preserved. The interaction of these factors once the microwave radiation is turned off is
depicted in Figure 3.3.
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Figure 3.3: When the rf excitation field is turned off, the precessional motion is dampened by
damping forces and the magnetization is brought back into equilibrium position before the
excitation.

When microwave is applied on the sample, the microwave field 𝒉𝑟𝑓 perpendicular to the applied
field 𝑯𝑜 , the effective field 𝑯𝑒𝑓𝑓 induces precessional motion in the magnetic moments which get
excited by the effective field as well as get relaxed by the damping forces. The resulting effect
deflects magnetization 𝑴 from the equilibrium direction by a cone angle Θ which ultimately
reaches an equilibrium value Θ𝑜 where the damping forces are balanced by the effective field
forces. Thus, ferromagnetic resonance condition is met where 𝑴 precesses with a constant angle
Θ𝑜 , which is within the small angle regime. This enables us to find the resonance condition using
the free energy of the system as proposed by Smit and Suhl. This method has been outlined by
Vonsovskii which is given below [55].
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Since the magnitude of 𝑴 is conserved, the Landau-Lifshitz equation can be written in spherical
coordinates by defining the components of 𝑴 and 𝑯𝑒𝑓𝑓 as follows:
𝑴 = (𝑀 sin 𝜗 cos 𝜑 , 𝑀 sin 𝜗 sin 𝜑 , 𝑀 cos 𝜗); 𝑯𝑒𝑓𝑓 = (𝐻𝑀 , 𝐻𝜗 , 𝐻𝝋 )

(3.15)

The radial component 𝐻𝑀 , the polar component 𝐻𝜗 and the azimuthal component 𝐻𝝋 of the
effective field 𝑯𝑒𝑓𝑓 are connected with the Cartesian components by the relationships[55]:
𝐻𝑀 = 𝐻𝑥 sin 𝜗 cos 𝜑 + 𝐻𝑦 sin 𝜗 sin 𝜑 + 𝐻𝑧 cos 𝜗 ;

(3.16)

𝐻𝑀 = 𝐻𝑥 sin 𝜗 cos 𝜑 + 𝐻𝑦 sin 𝜗 sin 𝜑 + 𝐻𝑧 cos 𝜗

(3.3)

𝐻𝜑 = −𝐻𝑥 sin 𝜑 + 𝐻𝑦 cos 𝜑

(3.18)

To convert the Landau-Lifshitz equation in Eqn. (3.14) into spherical coordinates, we first define
the magnetization vector and its time derivative as well as the effective field in spherical coordinate
space as follows:
𝑴 = 𝑀𝑒̂𝑟

(a)

𝑴̇ = 𝑀̇𝑒̂𝑟 + 𝑀𝜗̇𝑒̂𝜗 + 𝑀𝜑̇ sin 𝜗 𝑒̂𝜑

(b)

𝑯𝑒𝑓𝑓 = 𝐻𝑟 𝑒̂𝑟 + 𝐻𝜗 𝑒̂𝜗 + 𝐻𝜑 𝑒̂𝜑

(c)

𝑴 × 𝑯𝑒𝑓𝑓 = 0𝑒̂𝑟 − 𝑀𝐻𝜑 𝑒̂𝜗 + 𝑀𝐻𝜗 𝑒̂𝜑

(d)

𝑴 × [𝑴 × 𝑯𝑒𝑓𝑓 ] = 0𝑒̂𝑟 − 𝑀2 𝐻𝜗 𝑒̂𝜗 + 𝑀2 𝐻𝜑 𝑒̂𝜑

(e)

This gives us:

Plugging into Eqn. (3.14) gives us the Landau-Lifshitz equation in spherical coordinates:
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𝜗̇ = 𝛾𝜇𝑜 (𝐻𝜑 + 𝛼𝐻𝜗 )

(3.19)

𝜑̇ sin 𝜗 = −𝛾𝜇𝑜 (𝐻𝜗 − 𝛼𝐻𝜑 )

(3.20)

The intensity of these field components can be determined by analyzing their relationship with the
free energy of the system. At equilibrium, 𝑴 is oriented along the radial component of 𝑯𝑒𝑓𝑓 , 𝐻𝑀 .

𝐻𝑀 = −

𝜕𝐹
𝜕𝑀

(3.21)

The transverse components 𝐻𝝑 and 𝐻𝝋 vanish in this state and thus the equilibrium orientation
angles 𝜗𝑜 and 𝜑𝑜 of the vector 𝑴 can be determined from the equations:

𝐹𝜗 ≡

𝜕𝐹
𝜕𝐹
= 0; 𝐹𝜑 ≡
=0
𝜕𝜗
𝜕𝜑

(3.22)

whose solutions minimizes the free energy of the system. An arbitrary direction of applied field
leads to quite complicated mathematics so we will restrain ourselves to the case where the field is
being applied in the direction of easy axis of magnetization.

When microwave radiation is applied on the sample, magnetization is deflected from equilibrium
and the transverse fields act as restoring forces. Thus, this non-equilibrium state can be described
as a small deviation from equilibrium. The transverse fields take the form:

𝜇𝑜 𝐻𝜗 = −

𝐹𝜑
𝐹𝜗
; 𝜇𝑜 𝐻𝜑 = −
𝑀
𝑀 sin 𝜗

(3.23)

The deviations from equilibrium
𝛿𝜗(𝑡) = 𝜗(𝑡) − 𝜗𝑜 ; 𝛿𝜑(𝑡) = 𝜑(𝑡) − 𝜑𝑜
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(3.24)

are small compared to the equilibrium values allowing us to Taylor expand 𝐹𝜗 and 𝐹𝜑 up to linear
terms
𝐹𝜗 = 𝐹𝜗𝜗 𝛿𝜗 + 𝐹𝜗𝜑 𝛿𝜑; 𝐹𝜑 = 𝐹𝜑𝜗 𝛿𝜗 + 𝐹𝜑𝜑 𝛿𝜑
𝜕

(3.25)

𝜕𝐹

where 𝐹𝑖𝑗 = 𝜕𝑖 ( 𝜕𝑗 ) are the second derivatives of the free energy which can be calculated for
equilibrium positions. Plugging Eqns.3.23 and 25 back into Eqns.3.19 and 3.20 give us a system
of linear equations describing small damped eigen-oscillations of the magnetization vector about
the equilibrium position
−𝛾 −1 𝑀 sin 𝜗𝑜 𝛿𝜗̇ = {𝐹𝜑𝜗 + 𝛼𝐹𝜗𝜗 sin 𝜗𝑜 }𝛿𝜗 + {𝐹𝜑𝜑 + 𝛼𝐹𝜗𝜑 sin 𝜗𝑜 }𝛿𝜑

(3.26)

𝛾 −1 𝑀 sin 𝜗𝑜 𝛿𝜑̇ = {𝐹𝜑𝜑 − 𝛼𝐹𝜗𝜑 (sin 𝜗𝑜 )−1 }𝛿𝜗 + {𝐹𝜑𝜗 − 𝛼𝐹𝜗𝜗 (sin 𝜗𝑜 )−1 }𝛿𝜑 (3.27)
Harmonic ansatz 𝛿𝜑(𝑡) ∝ 𝑒 𝑖𝑤𝑡 and 𝛿𝜗(𝑡) ∝ 𝑒 𝑖𝑤𝑡 solve these equations and we get the following
resonance eigenfrequency
1

𝜔𝑟𝑒𝑠 = 𝛾(1 +

1
𝛼 2 )2 𝐻𝑒𝑓𝑓

1
𝛾(1 + 𝛼 2 )2
2 2
=
{𝐹𝜗𝜗 𝐹𝜑𝜑 − 𝐹𝜗𝜑
}
𝑀 sin 𝜗𝑜

(3.28)

The resonant absorption line width is given by

∆𝜔 ≡ (

𝑑𝜔
𝛾𝛼
) ∆𝐻 =
{𝐹 + 𝐹𝜑𝜑 (sin2 𝜗𝑜 )−1 }
𝑑𝐻
𝑀 𝜗𝜗
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(3.29)

3.3 Antiferromagnetic Resonance
The resonance problem in antiferromagnets can be extended from ferromagnets as a problem
involving two magnetic sublattices interacting with each other via an exchange interaction. The
two sublattices have their own magnetization vectors - 𝑴1 and 𝑴2 , assuming each sublattice acts
as a ferromagnetic lattice in itself. This leads to an equation of motion for each magnetization
vector interlaced with exchange interaction. The theory of antiferromagnetic resonance (AFMR)
has been studied extensively by Kittel and Keffer, Nagamiya, etc.[56-59]. Kittel’s equation of
motion was extended for a two-sublattice system by Nagamiya, Yoshida and Kubo which is as
follows:
Consider a uniaxial antiferromagnet (easy axis along z-direction) with spins on two sublattices.
The magnetization vectors 𝑴1 and 𝑴2 (|𝑴1 | = |𝑴2 | = 𝑀) of the two sublattices are directed
𝐾

along +z and -z directions respectively (Figure 3.4) due to an anisotropy field 𝑩𝐴 𝑧̂ where 𝐵𝐴 = 𝑀.
The exchange interaction between these two sublattices can be defined as follows:
𝑩𝐸 1 = −𝜆𝑴2

(3.30)

𝑩𝐸 2 = −𝜆𝑴1

(3.31)

where 𝜆 is positive. Thus, the total field acting on the two magnetization vectors are:
𝑩𝑒𝑓𝑓 1 = −𝜆𝑴2 + 𝐵𝐴 𝒛̂

(3.32)

𝑩𝑒𝑓𝑓 2 = −𝜆𝑴1 − 𝐵𝐴 𝒛̂

(3.33)
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Figure 3.4: Effective fields in the antiferromagnetic resonance of a uniaxial antiferromagnet. Each
sublattice magnetization experiences the anisotropy field (acting along the z-axis in this case) and
the exchange field due to the other sublattice. Together with the applied field, the effective field
interacts with the sublattice magnetizations.

As in the case of ferromagnetic resonance, the equations of motion for the two sublattices:
𝑑𝑴1
= 𝛾(𝑴1 × 𝜇𝒐 𝑯𝑒𝑓𝑓 )
𝑑𝑡

(3.34)

𝑑𝑴2
= 𝛾(𝑴2 × 𝜇𝒐 𝑯𝑒𝑓𝑓 )
𝑑𝑡

(3.35)

lead to the following set of linear equations for 𝑀1𝑧 = 𝑀 and 𝑀2𝑧 = −𝑀:
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𝑑𝑀1𝑥
𝑦
𝑦
= 𝛾[𝑀1 (𝜆𝑀 + 𝐵𝐴 ) − 𝑀(−𝜆𝑀2 )]
𝑑𝑡

(3.36)

𝑦

𝑑𝑀1
= 𝛾[𝑀(−𝜆𝑀2𝑥 ) − 𝑀1𝑥 (𝜆𝑀 + 𝐵𝐴 )]
𝑑𝑡

(3.37)

𝑑𝑀2𝑥
𝑦
𝑦
= 𝛾[𝑀2 (−𝜆𝑀 − 𝐵𝐴 ) − (−𝑀)(−𝜆𝑀1 )]
𝑑𝑡

(3.38)

𝑦

𝑑𝑀2
𝑦
= 𝛾[(−𝑀)(−𝜆𝑀1 ) − 𝑀2𝑥 (−𝜆𝑀 − 𝐵𝐴 )]
𝑑𝑡
𝑦

(3.39)

𝑦

Define 𝑀1+ = 𝑀1𝑥 + 𝑖𝑀1 and 𝑀2+ = 𝑀2𝑥 + 𝑖𝑀2 such that the Eqns. (3.35-3.38) become
−𝑖𝜔𝑀1+ = −𝑖𝛾[𝑀1+ (𝐵𝐴 + 𝜆𝑀) + 𝑀2+ (𝜆𝑀)

(3.40)

−𝑖𝜔𝑀2+ = 𝑖𝛾[𝑀2+ (𝐵𝐴 + 𝜆𝑀) + 𝑀1+ (𝜆𝑀)

(3.41)

Solution to these equations can be found by solving the following determinant equation with 𝐵𝐸 ≡
𝜆𝑀
𝛾(𝐵𝐴 + 𝐵𝐸 ) − 𝜔
|
𝛾𝐵𝐸

𝛾𝐵𝐸
|=0
𝛾(𝐵𝐴 + 𝐵𝐸 ) + 𝜔

(3.42)

Thus, the antiferromagnetic resonance frequencies are given by
1

1

𝜔𝑜 = ±𝛾[𝐵𝐴 (𝐵𝐴 + 2𝐵𝐸 )]2 = ±𝛾𝜇𝑜 [𝐻𝐴 (𝐻𝐴 + 2𝐻𝐸 )]2

(3.43)

When an external field is applied on the sample, the resonance frequencies take the form:
1

𝜔𝑜 = ±𝛾𝜇𝑜 𝐻𝑜 ± 𝛾𝜇𝑜 [𝐻𝐴 (𝐻𝐴 + 2𝐻𝐸 )]2

(3.44)

The results of Eqn. (3.43) and (3.44) are very interesting. Eqn. (3.43) shows that there is a finite
resonance in uniaxial antiferromagnets even when there is no external field which sets AFMR
apart from FMR. This finite resonance results from an effective field present due to the exchange
and anisotropy fields even in the absence of applied field.
34

Figure 3.5: Resonance modes calculated by Kittel, Keffer and Nagamiya formalism of AFMR. The
red and blue lines represent the Kittel-Keffer [56] described low field resonance mode, the red
one being high frequency mode and the blue one being low frequency mode. The green line
represent the spin flop mode calculated by Nagamiya [57].

The resonance modes as described by Kittel and Keffer[56] are depicted in Figure 3.5. Two groups
of distinct field-dependent modes defined by Eqn. (3.44) are noticed – one that is at a higher
frequency 𝜔𝐻 and the other at a lower frequency 𝜔𝐿 . At zero field, these modes are degenerate,
and the solution is given by Eqn. (3.43). Considering a field applied along positive z-direction, if
one looks in the direction of the applied field, one finds that the two magnetization vectors 𝑴𝑖 ’s
precess in clockwise direction for one of modes and in counterclockwise direction for the other
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mode. These two modes are degenerate for zero applied field when the two sublattices are
identical. When a field 𝑯𝑜 is applied along the easy axis, the degeneracy is lifted. The frequency
of one of the modes (𝜔𝐻 ) is increased by 𝛾𝜇𝑜 𝐻𝑜 while that of the other (𝜔𝐿 ) is decreased by the
same amount as 𝑯𝑜 is increased. This can be intuitively understood in term of “leading-lagging”like motion. In the 𝜔𝐻 mode, the magnetization 𝑴1 which is parallel to the applied field 𝑯𝑜 leads
while 𝑴2 follows the molecular field of 𝑴1 as its effective field is parallel to the applied field and
any increase in the field increases this effective field. Thus, with increasing 𝑯𝑜 the frequency of
𝜔𝐻 mode also increases. On the other hand, the 𝜔𝐿 sees 𝑴2 leading while 𝑴1 follows. But because
the effective field of 𝑴2 is anti-parallel to the applied field, any increase in 𝑯𝑜 results in overall
decrease in the resonance frequency of 𝜔𝐿 mode as shown in Figure 3.5.

The radii of precession of the two magnetization vectors 𝑴𝑖 ’s are not equal unless 𝐻𝐴 = 0. Thus,
a ratio of the cone angles of the two vectors can be defined as depicted in Figure 3.5 : 𝜂 =

𝜃1
⁄𝜃
2

which is greater than 1 for the higher frequency mode (𝜔𝐻 ) and less than 1 for the lower frequency
mode (𝜔𝐿 ). The value of 𝜂 determines the coupling between the two sublattices [60] and in fact a
1

material dependent parameter given as : 𝜂 =

[𝐻𝐴 +𝐻𝐸 +(𝐻𝐴 (𝐻𝐴 +2𝐻𝐸 ))2
𝐻𝐸
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.

Figure 3.6: Equilibrium orientations of sublattice magnetization at resonance. Two distinct modes
exist: A low frequency mode (counter-clockwise) and a high frequency mode (clockwise) defined
by the precessional direction.
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3.3.1 Spin-Flop: Critical Field Resonance
Treatment of AFMR changes beyond the critical field where the first order phase transition called
as Spin-Flop occurs. At this critical field, the two magnetization vectors assume the configuration
as depicted below:

Figure 3.7: Spin Flop Mode where the two magnetizations suddenly become orthogonal as well
as canted towards the applied field giving rise to a net magnetization in the canted direction.

The effective field at both the vectors is the same thereby leading to a degeneracy in the vectors
with respect to the external field which implies a single resonance line and hence the Kittel
conclusion of Eqns. (3.43) and (3.44) do not work here. Nagamiya[59] et.al. have treated this
problem and shown that the net magnetization (𝑴1 − 𝑴2 ) induced along the applied field 𝑯𝑜 after
the spin-flop transition displays the same precessional motion as a ferromagnet with the
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magnetization in the same direction, hence aptly called the spin flop mode with quasiferromagnetic nature (SFM). The resonance frequency in this situation is given as:
1

𝜔𝑜 = ±𝛾𝜇𝑜 (𝐻𝑜2 − 2𝐻𝐸 𝐻𝐴 )2

(3.45)

Hagiwara and co-workers have shown in their landmark experiment the presence of all the
resonance modes in MnF2.

Figure 3.8: Frequency vs external magnetic field relations of the AFMR signals in MnF2 as
obtained by Hagiwara et. al. [21]. The full lines are theoretical fits for a field applied along the
easy axis while the dash-dot lines are theoretical fits for a field applied perpendicular to easy axis.

Figure 3.8 shows the distinct presence of the two branches corresponding to the main AF
dynamical modes, the spin-flop transition and the high field spin flop mode. The theories
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predicting these branches are not unified, however. There is no comprehensive analytical theory
to this day that can completely explain the low field, transition and high field resonances of
uniaxial antiferromagnets.

For the purposes for this thesis, we follow a phenomenological approach to antiferromagnetic
resonance quite like the ferromagnetic resonance approach we described earlier. The following
section treats this.

3.4 Phenomenological approach to Antiferromagnetic Resonance
We begin with the Landau-Lifshitz equations with Gilbert damping in spherical coordinates from
Eqns. (3.19) and (3.20). The idea is to find the total free energy of the system for a given magnetic
field and minimize it to obtain the equilibrium angles which can then be utilized in the LandauLifshitz equations to find the resonance frequencies. We treat the two sublattices and their
magnetization vectors with their own equations giving us:
𝜗̇𝑖 = 𝛾𝜇𝑜 (𝐻𝜑,𝑖 + 𝛼𝐻𝜗,𝑖 )

(3.46)

𝜑̇ 𝑖 sin 𝜗𝑖 = −𝛾𝜇𝑜 (𝐻𝜗,𝑖 − 𝛼𝐻𝜑,𝑖 )

(3.47)

for 𝑖 = 1,2. We utilize the relation between the field and its free energy contribution: 𝜇𝑜 𝑯𝑒𝑓𝑓 =
𝑑𝐹

− 𝑑𝑴 for each component of effective field as:
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𝜇𝑜 𝐻𝜗,𝑖 = −
where 𝐹𝑥𝑖 =

𝑑𝐹𝑥
𝑑𝑖

𝐹𝜗𝑖
𝐹𝜑𝑖
; 𝜇𝑜 𝐻𝜑,𝑖 = −
𝑀
𝑀 sin 𝜗𝑖𝑜

(3.48)

for 𝑥 = 𝜗, 𝜑 and 𝑖 = 1,2. The index “o” in the angle represents equilibrium angle

value which can be determined by minimizing the free energy of the system. For a uniaxial
antiferromagnet, the chief contributions to free energy comes from Exchange Interaction, Uniaxial
Anisotropy and Zeeman Interaction. The first two interactions are explained in more detail in
Section 2.3. Thus, the total free-energy of the uniaxial antiferromagnetic system can be written as:
𝐹 = 𝐹𝑒𝑥𝑐 + 𝐹𝑎𝑛𝑖 + 𝐹𝑧𝑒𝑒𝑚𝑎𝑛

(3.49)

where 𝐹𝑒𝑥𝑐 = Λ𝑴1 . 𝑴2 is the free energy term for exchange interaction
𝐹𝑎𝑛𝑖 = 𝐾𝑢𝑛𝑖 [(𝒄. 𝒎1 )2 + (𝒄. 𝒎2 )2 ] is the free energy term for uniaxial anisotropy, and
𝐹𝑍𝑒𝑒𝑚𝑎𝑛 = −𝜇𝑜 𝑯𝑜 . (𝑴1 + 𝑴2 ) is the free energy term for Zeeman interaction
Here 𝒄 and 𝒎𝑖 are the unit vectors along the anisotropy axis and the two sublattice magnetizations
respectively.
Minimizing Eqn. (3.49) gives the equilibrium angles 𝜗𝑜 , 𝜑𝑜 and 𝐹𝑥𝑖 |

𝜗𝑜 ,𝜑𝑜

= 0. Then we can

perform Taylor expansion of the free energy derivative in all four variables about the equilibrium
angles as follows:
𝐹𝜗𝑖 = 𝐹𝜗𝑖 𝜗𝑖 𝛿𝜗𝑖 + 𝐹𝜗𝑖 𝜑𝑖 𝛿𝜑𝑖 + 𝐹𝜗𝑖 𝜗𝑗 𝛿𝜗𝑗 + 𝐹𝜗𝑖 𝜑𝑗 𝛿𝜑𝑗

(3.50)

𝐹𝜑𝑖 = 𝐹𝜑𝑖 𝜗𝑖 𝛿𝜗𝑖 + 𝐹𝜑𝑖 𝜑𝑖 𝛿𝜑𝑖 + 𝐹𝜑𝑖 𝜗𝑗 𝛿𝜗𝑗 + 𝐹𝜑𝑖 𝜑𝑗 𝛿𝜑𝑗

(3.51)

Plugging Eqns. (3.48), (3.50) and (3.51) in Eqns. (3.46) and (3.47) gives us a system of linear
differential equations for the motion of the spherical angles of the magnetization vectors:
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(

𝛿𝜗1̇
𝛿𝜑̇ 1
𝛿𝜗̇2
𝛿𝜑̇ 2

)

(3.52)

𝛿𝜗1
𝛿𝜑
= ℵ(𝐹, 𝑀) ( 1 )
𝛿𝜗2
𝛿𝜑2

where ℵ(𝐹, 𝑀) is a matrix containing the second derivatives of 𝐹 at equilibrium positions. Using
harmonic solution to the system of Eqn. (3.52) in the form 𝛿𝜗𝑖 = 𝐴𝑖 𝑒 𝑖𝜔𝑡 and 𝛿𝜑𝑖 = 𝐵𝑖 𝑒 𝑖𝜔𝑡 gives
a system of equation of the form :

(

𝐹𝜗1𝜑1 + 𝐴1 𝐹𝜗1𝜗1 + 𝑖𝜔𝐶1
𝐹𝜑1𝜗2 − 𝐵1 𝐹𝜗1𝜑1
𝐹𝜗1𝜑2 + 𝐴2 𝐹𝜗1𝜗2
𝐹𝜗1𝜗2 − 𝐵2 𝐹𝜗1𝜑2

𝐹𝜑1𝜑1 + 𝐴1 𝐹𝜗1𝜑1
𝐹𝜗1𝜑1 − 𝐵1 𝐹𝜑1𝜑1 − 𝑖𝜔𝐶1
𝐹𝜑1𝜑2 + 𝐴2 𝐹𝜑1𝜗2
𝐹𝜑1𝜗2 − 𝐵2 𝐹𝜑1𝜑2
𝛼

where 𝐴𝑖 = 𝛼 sin 𝜗𝑖𝑜 , 𝐵𝑖 = sin 𝜗

𝐹𝜑1𝜗2 + 𝐴1 𝐹𝜗1𝜗2
𝐹𝜗1𝜗2 − 𝐵1 𝐹𝜑1𝜗2
𝐹𝜗2𝜑2 + 𝐴2 𝐹𝜗1𝜗2 + 𝑖𝜔𝐶2
𝐹𝜗2𝜗2 − 𝐵2 𝐹𝜗2𝜑2

𝐹𝜑1𝜑2 + 𝐴1 𝐹𝜗1𝜑2
𝐹𝜗1𝜑2 − 𝐵1 𝐹𝜑1𝜑2
𝐹𝜑2𝜑2 + 𝐴2 𝐹𝜗1𝜑2
𝐹𝜗2𝜑2 − 𝐵2 𝐹𝜑2𝜑2 − 𝑖𝜔𝐶2

((3.53)

=0
)

1

𝑖𝑜

and 𝐶𝑖 = 𝛾𝑀 sin 𝜗 for 𝑖 = 1,2.
𝑖𝑜

Solving Eqn. (3.53) yields the four eigenfrequencies. We will be utilizing this matrix equation in
Matlab® to fit our data and the details of the fitting are given in Section 5.6. The effect of
misalignment can also be studied from Eqn. (3.53) by introducing the projection of the applied
field 𝑯𝑜 along the direction of anisotropy axis. This formalism has been used to fit the AFMR data
in Chapter 5.

The precessional motion for the two sublattice magnetizations for perfect alignment of applied
field along the anisotropy axis in the different regimes of AFMR can be illustrated in Figure 3.9.
The nature of this precession can be extracted from the eigencoefficients of Eqn. (3.52). The
calculated AFMR spectra for perfect alignment of applied field and anisotropy axis shown in
Figure 3.9 is based on the values given in Table 5.2.
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Figure 3.9: Nature of precessional cones of 𝑴1 and 𝑴2 in (1) the low field (a) high frequency (b)
low frequency, (2a/b) spin flop transition and (3) spin flop mode.
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CHAPTER 4 : SPINTRONICS THEORY
This chapter provides an introduction to spintronics and spintronic applications central to this
thesis.

4.1 Introduction
An electron has two fundamental properties: “charge” and “spin”, among others. Charge of an
electron has been studied and manipulated extensively, both in academia and industry. In fact, the
entire field of electronics is based on the detection and manipulation of electronic charge. On the
other hand, magnetism originates from the other fundamental property of electrons which is spin.
Individual atoms possess local magnetic moments due to uncompensated electron spins and an
exchange coupling between the magnetic moments of neighboring atoms lead to long range
ordering in magnetic materials at low temperatures. Ferromagnetism results when the sign of the
coupling is positive, and the magnetic moments are all aligned parallel to each other. Similarly,
when the sign of the coupling is negative and the magnetic moments are anti-parallel to each other,
antiferromagnetism originates. For the longest time, charge and spin of electrons were investigated
separately and a correlation between them was not paid much attention[61].

When magnetoresistance was discovered by Lord Kelvin in 1856, a dependency of conductivity
on magnetic field, particularly its relative direction, was found. Then much later in 1986, Grunberg
et. al.[62] studied Fe/Cr/Fe heterostructures and found that the resistance between the two Fe
layers separated by an antiferromagnetic spacer layer of Cr was larger when the two layers were
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spontaneously aligned anti-parallel to each other and was lower when the two layers were aligned
parallel by a sufficiently large magnetic field. This discovery was further studied and confirmed
by Fert et.al.[63] in 1988 and thus Giant Magnetoresistance (GMR) was discovered. For their
effort, Grunberg and Fert were jointly awarded the Nobel Prize in Physics in 2007. The discovery
of GMR led to the advent of spintronics which encompasses theories and application pertaining to
the spin property of electrons.

The spin of an electron is an intrinsic form of angular momentum that the electron possesses. In
fact, such intrinsic angular momentum or spin is carried by most of the elementary particles such
as hadrons and atomic nucleus. In fact, nuclear spin is extensively used in NMR studies and
medical applications. Famously observed in the Stern-Gerlach experiment, the idea of electronic
spin was first put forth by Wolfgang Pauli in 1924 in the form of a two valued non classical “hidden
rotation” which he later developed a full theory on in 1927[64]. Paul Dirac also used electron spin
in his relativistic quantum mechanics theory in 1928. In fact, the spin and magnetic moment of the
electron arise naturally from the Dirac equation[65] as ℏ⁄2 and 𝑒ℏ⁄2𝑚 .
𝑒

In the rest of this section we will represent the spin of an electron as 𝑺 which can be detected by
its magnetic moment −𝑔𝜇𝐵 𝑺, where 𝜇𝐵 is the Bohr magneton and 𝑔 is the electron g factor. The
goal of spintronics is to understand how electronic spin interacts with its solid state environment,
thereby leading to development of useful spin-based devices. It has many advantages over
electronics, particularly the fact that electronic technology is based on electron motion which is
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susceptible to low efficiency due to scattering while spintronics is based on transfer of angular
momentum between charges which can not only be faster but also is more efficient in terms of
heat dissipation and power consumption. In its attempt to abide by Moore’s law, which is reaching
its limit with semiconductor based devices, current technology could find spintronics as a suitable
alternative as it allows for compact devices with faster operations to be made out of common
materials such as Fe, Cu and Ag.

The following sections give an overview of some of the important concepts in spintronics that
pertains to the scope of this thesis.

4.2 Spin Hall Effect and Inverse Spin Hall Effect
Spin Hall Effect (SHE) is an analogous phenomenon to Hall Effect in electronics. First observed
in mid 2000s [66], SHE is now a widely used method to generate and control spin currents. SHE
originates from the coupling of the charge and spin currents due to spin-orbit interaction [67]. In
direct SHE (Figure 4.1a), a charge current passing through a material with relativistic spin-orbit
coupling can generate a transverse pure spin-current polarized perpendicular to the plane defined
by the charge and spin current [66]. It has a reciprocal effect, the Inverse Spin Hall Effect (ISHE)
(Figure 4.1b) where a pure spin-current through a material generates a transverse charge current.
Thus, one may infer SHE and ISHE to be a standard mechanism for spin-charge interconversion.
The efficiency of conversion can be studied by defining a material dependent parameter: the spin
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Hall angle (𝜃𝑆𝐻 ), which is defined as the ratio of spin current to charge current (
𝐽𝑆 = 𝜃𝑆𝐻 (𝜎̂ × 𝐽𝑐 ), where

|𝐽𝑆 |
⁄|𝐽 |) such that
𝐶

ℏ𝐽𝑆⁄
2𝑒, 𝐽𝐶 and 𝜎̂ are the spin current density, charge current density and

spin moment respectively.

Figure 4.1: Illustration of (a) spin Hall effect and (b) inverse spin Hall effect

4.3 Spin Pumping and Spin Transfer Torque
Spin pumping is a method of generating spin current where a magnetic system is driven into
resonance using microwaves and external magnetic field and in the resulting precessional motion,
the magnetization vector transfers spin angular momentum into an adjacent non-magnetic material
(e.g., Pt or W), where the injected spin can be detected via ISHE. Its reciprocal effect is the spin
transfer torque effect, when a spin current exerts a torque on a magnetic system (e.g., ferromagnet)
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inducing spin dynamics. Experimentally, spin pumping phenomenon was first observed in early
2000’s [66] where experiments showed an enhanced Gilbert damping in FMR associated with the
loss of angular momentum by a spin-current flowing from a ferromagnet to a non-magnetic metal.
The theoretical framework for spin pumping was presented by Y. Tserkovnyak and A. Brataas in
2002 [68, 69].

4.3.1 Spin Pumping in a Ferromagnet
Tserkovnyak et. al. derived the adiabatic spin pumping theory from a scattering formalism as an
extension of adiabatic quantum pumping by incorporating spin degrees of freedom [69]. When a
magnetic field is applied to a ferromagnetic/non-magnetic metal (F/NM) bilayer, magnetization
precession in the ferromagnet gives rise to a time-dependent spin-current at the F/NM interface
that flows into the NM layer given by,
𝐼𝑆𝑆𝑃 =

ℏ
𝑑𝒎
𝑑𝒎
(𝐴𝑟 𝒎 ×
− 𝐴𝑖
)
4𝜋
𝑑𝑡
𝑑𝑡

(4.1)

where 𝐴 ≡ 𝐴𝑟 + 𝑖𝐴𝑖 is the complex spin-pumping conductance parameter and 𝒎(𝑡) is the unit
vector for the magnetization of the ferromagnetic layer. This conductance parameter can be
expressed in terms of transmission and reflection coefficients as:
𝐴 = 𝑔↑↓ − 𝑡 ↑↓

(4.2)

where 𝑔↑↓ is the complex interfacial mixing conductance and 𝑡 ↑↓ is the transmission matrix. For
ferromagnetic films that are thicker than their spin-coherence length, spin pumping through the
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interface is only governed by 𝑔↑↓ . Furthermore, 𝐴𝑖 is found to be negligible for most F/NM layers
and thus from Eqns. (4.1) and (4.2), we arrive at the pumped spin-current:
𝐼𝑆𝑆𝑃 =

ℏ ↑↓
𝑑𝑚
𝑔𝑟 𝑚 ×
4𝜋
𝑑𝑡

(4.3)

where 𝑔𝑟↑↓ is the real part of the mixing conductance.
To get a complete picture of the kinds of currents involved, one has to consider the backflow of
spin current (𝐼𝑆𝐵 ) into the F layer as well. Thus, the total spin accumulation can be written as:
𝐼𝑆 = 𝐼𝑆𝑆𝑃 − 𝐼𝑆𝐵

(4.4)

The illustration of these current can be seen in Figure 4.2.

However, for highly conductive NM layers, backscattering is minimal and thus one can
approximate 𝐼𝑆𝐵 ≈ 0. This leads to the total spin current transferred across the F/NM interface:

𝐼𝑆 =

ℏ ↑↓
𝑑𝑚
𝑔𝑟 𝑚 ×
4𝜋
𝑑𝑡

(4.5)

In real systems, spins undergo relaxation over the spin diffusion length of the NM layer and so
pure spin currents are not conserved.
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Figure 4.2: Illustration of the two types of current at the F/NM interface. The spin current pumped
due to precessing magnetic moment in effective field diffuses along the spin diffusion length in the
NM layer. The current due to backscattering is minimal for very conductive NM layer.

4.3.2 Spin Pumping in Antiferromagnets
Spin pumping in antiferromagnets has been a difficult topic of study in the past, primarily due to
the fact that spin pumping is generated from the precessing magnetization in magnetic materials
and in the case of antiferromagnets, the magnetization 𝒎 is zero at equilibrium and quite small
even when the AF system is driven out of equilibrium. As a result, one could presume that the spin
currents pumped by the two sublattices will be equal and opposite and thus cancel each other out,
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making the detection of spin pumping impossible. However, Ran Cheng and Arne Brataas have
shown this not to be the case, as they show in their report published in 2014 [45]. For a uniaxial,
two-sublattice AF material, a general way of interpreting the system is to visualize two
independent F subsystems with defined magnetic moment vectors 𝒎1 and 𝒎2 . The spin currents
pumping from them will be proportional to 𝒎1 × 𝒎̇1 and 𝒎2 × 𝒎̇2 respectively.

Figure 4.3: The eigenmodes associated with AFMR that show opposite chiralities. The illustration
also shows how the staggered magnetization and the small net magnetization move with reference
to the two magnetizations in each mode.

From Figure 4.3, one can infer that 𝒎1 ≈ −𝒎2 and 𝒎̇1 ≈ −𝒎̇2, thus leading to the conclusion
that the contributions from the two subsystems are the same and add up constructively. As a result,
one may use the staggered magnetization 𝒏 = (𝒎𝟏 − 𝒎𝟐 )/2 to find that the total spin current is
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proportional to 𝒏 × 𝒏̇ . One should not ignore the fact that the different cone angles for the two
magnetizations in each mode leads to a small magnetization 𝒎. Moreover, the mixing of different
scattering channels at the AF/NM interface prevents an AF system from being equivalent to two
ferromagnets.

Cheng et.al. compared the THz resonance frequency of antiferromagnets with the energy scales of
Fermi energy and exchange coupling to find that the motion of staggered magnetization is
essentially adiabatic. The two vectors 𝒎 and 𝒏 are treated as two independent adiabatic parameters
in a scattering picture to get the following pumped spin current [45]:
𝑒
𝑰 = 𝐺𝑟 (𝒏 × 𝒏̇ + 𝒎 × 𝒎̇) − 𝐺𝑖 𝒎̇
ℏ 𝑠

(4.6)

Here 𝑰𝑠 is measured in the units of electrical current. The spin mixing conductance 𝐺𝑟 and 𝐺𝑖 are
different than that of FMs resulting from the mixing of scattering channels from different
sublattices. Since the dynamics of AF systems is much faster than ferromagnets, the spin pumping
signal is expected to be stronger.

Time averaging Eqn. (4.6) gives rise to the dc component of spin current 𝐼𝑠𝑑𝑐 with the second term
in Eqn. (4.6) vanishing. When a circularly polarized microwave with oscillating field ℎ𝑎𝑐
perpendicular to easy axis is applied, AF dynamics is set into motion and the mode from Figure
4.3 that matches the polarization will be driven into resonance at a certain frequency. When the
applied field disappears, the 𝐼𝑠𝑑𝑐 becomes an odd function of microwave frequency 𝜔 which leads
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one to conclude that the direction of dc spin current is dependent on the circular polarization of
the microwaves. In addition to the dc spin current, one may also define a staggered spin current
which represents the imbalance between the spin current carried by the two sublattices. The dc
𝑑𝑐
component of this staggered spin current 𝐼𝑠𝑠
is an even function of 𝜔. The two currents as a

function 𝜔 is shown in Figure 4.4.

Figure 4.4: DC components of pumped spin current (black) and staggered spin current (orange)
ℏ

as functions of 𝜔 in units of (𝑒 )𝐺𝑟 (𝛾ℎ𝑎𝑐 )2 as calculated by Cheng et.al. for static field frequency
𝜔𝐻 = 0, resonance frequency 𝜔𝑅 = 1THz and Gilbert damping 𝛼 = 0.01.[45]

Cheng et.al. advise that the efficiency of microwave absorption at resonance point in an AF is
proportional to √𝜔𝐴 ⁄𝜔𝐸 and attribute the failure to observe ISHE signals generated from spin
pumping in MnF2 in [46] to a low ratio of √𝜔𝐴 ⁄𝜔𝐸 . Figure 4.5 shows the resonance value of 𝐼𝑠𝑑𝑐
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plotted against different values of √𝜔𝐴 ⁄𝜔𝐸 , calculated by Cheng et. al. On the basis of this plot,
the authors recommend FeF2 to be a better candidate for spin pumping measurements than MnF2
as FeF2 has a larger ratio of √𝜔𝐴 ⁄𝜔𝐸 .

Figure 4.5: For a fixed value of microwave power, the resonance value of 𝐼𝑠𝑑𝑐 scales with √𝜔𝐴 ⁄𝜔𝐸
which presents FeF2 with √𝜔𝐴 ⁄𝜔𝐸 ≈ 0.6 to be a better candidate for spin pumping than MnF2
with √𝜔𝐴 ⁄𝜔𝐸 < 0.1.[45]

Øyvind et.al. in their 2017 paper [46] added upon the results obtained by Cheng et. al. The pumped
spin current from a dynamical AF mode given by Eqn. (4.6) leads to spin accumulation in the NM
layer, which in turn produces a spin backflow current. In AF insulators particularly, the backflow
spin currents within the sublattices add up constructively to give:
𝑰𝐵𝑠 = −

𝐺𝑟
𝑁
(𝒎 × (𝝁𝑁
𝑠 × 𝒎) + 𝒏 × (𝝁𝑠 × 𝒏))
2𝜋
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(4.7)

where 𝝁𝑁
𝑠 is the spin accumulation in the normal metal. This spin accumulation is a solution to the
spin diffusion equation [46]:
𝜕𝝁𝑁
𝜕 2 𝝁𝑁
𝝁𝑁
𝑠 (𝒓, 𝑡)
𝑠
𝑠
𝑁
= 𝛾𝑁 𝑯𝑒𝑥 × 𝝁𝑠 + 𝐷𝑁
− 𝑁
2
𝜕𝑡
𝜕𝑦
𝜏𝑠𝑓

(4.8)

𝑁
where 𝐷𝑁 is the diffusion coefficient of NM, 𝛾𝑁 is the gyromagnetic ratio, 𝜏𝑠𝑓
is the spin-flip

relaxation time and 𝑯𝑒𝑥 is the external magnetic field. The directions of the two spin currents are
illustrated in Figure 6.

Figure 4.6: Illustration by Øyvind et. al. of precession of 𝒎 and 𝒏 in the AF that results in spins
𝑏
being pumped (𝑰𝑝𝑠 ) into the NM. The resulting spin accumulation 𝝁𝑁
𝑠 in NM causes a backflow (𝑰𝑠 )

of spins back into the AF. [46]
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The ISHE current generated in the normal metal due to spin pumping across the AF/NM interface
is given by [70, 71]:
(𝑦, 𝑡) = 𝜃𝑆𝐻
𝑱𝐼𝑆𝐻𝐸
𝑐

2𝑒
𝒆 × 𝑰𝑁
𝑠 (𝑦, 𝑡)
𝐴ℏ 𝑦

(4.9)

where A is the area of the AF/NM interface. This charge current accumulates charges at the
interfaces as the AF is insulating. An electric field is generated which causes the net charge current
through the metal to vanish [46]. The DC and first harmonic AC components of this ISHE electric
field for MnF2 is calculated by Øyvind et.al. and shown in Figure 4.7.

Figure 4.7 shows some interesting results. In both FeF2 and MnF2, there is a contribution in DC
signal that is independent of AC field polarization and another contribution that is proportional to
sin(𝜃𝑧 − 𝜃𝑦 ). This polarization dependent contribution can be explored in both of these materials
at low fields with suitable frequencies in future work and could possibly lead to interesting physics.
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Figure 4.7: Calculated (a/c) DC component (b/d) first harmonic AC component of the ISHE
electric field as a function of external magnetic field along the easy axis of MnF2(a, b) and FeF2(c,
d). (b, d) shows different polarizations of the AC magnetic field. The AC field is 1mT and 𝛼 =
0.01[46].

Øyvind et.al advised that the divergence of the DC signal observed near the spin-flop field for both
materials can be utilized to enhance the ISHE signal which is perhaps more realistically achieved
in MnF2 (~9.5T) than in FeF2 (~50.4T) due to really high spin-flop field value in the later. In
addition to this, a larger DC signal is achieved with circular polarization of the AC field (𝜃𝑧 −
𝜃𝑦 = 𝜋⁄2).
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4.4 Spin Seebeck Effect
Just like spin pumping, spin Seebeck effect (SSE) is another mechanism of spin current generation
where thermal gradient in a magnetic material creates a spin-related voltage that can be detected
via electrical measurements. But unlike coherent spin pumping due to precessing magnetization,
SSE is a thermal magnon dominated process based on scattering [72]. Recent observations [7376] have established SSE as a prominent method of spin current injection, particularly for
insulating ferromagnets [77, 78]. In case of a ferromagnetic insulator (FI), conduction electrons
from NM undergo scattering at the FI/NM interface during which, they reverse their spin state by
emitting or absorbing magnons in the FI as shown in Figure 4.8 [72]. This magnon excitation gives
rise to spin angular momentum transfer between the FI and NM layers. When the temperature of
the FI and NM layers are equal, the scattering from both sides of the interface (as shown in Figure
4.8 (a) and (b)) are balanced and no spin current flows across the interface. But in the presence of
a temperature gradient, one of these processes dominates over the other and spin current flows
across the interface.

In recent times, SSE has been observed in antiferromagnets as well, particularly in
antiferromagnetic insulators (AFI) [16, 17, 79, 80]. This has led to a lot of research into the origin
of SSE in AFI-based heterostructures. In Cr2O3, the SSE signal is observed substantially only after
the applied external field exceeds the spin-flop transition field of Cr2O3 and the signal is found to
be proportional to the net equilibrium magnetization of Cr2O3 [17] which leads one to conclude
that field-induced magnetic moment is the source of SSE. But in another experiment on a MnF2/Pt
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heterostructure [16], a finite SSE signal was observed even at fields lower than the spin-flop
transition showing that there might be another source of SSE at lower fields. While in FI/NM
heterostructures, below the Curie temperature, a temperature gradient driven magnon flow is the
source of spin current in SSE, in uniaxial AFI/NM heterostructures, the picture is slightly different.
Two magnon modes with opposite chiralities and opposite angular momenta exist in most uniaxial
AFI such as MnF2 and FeF2. These modes are degenerate at zero field and hence no net magnon
flow occurs. Rezende et.al. [18] propose that a field-induced AF magnon imbalance can lead to a
characteristic SSE peak even when there is no net equilibrium magnetization which explains the
low-field SSE signal observed in MnF2/Pt [16]. Thus, a unified picture of SSE in AFI/NM is
lacking.

Figure 4.8: Illustration of quantum mechanical spin-exchange processes at a FI/NM interface.
The two graphics (a) and (b) show the magnon emission and absorption associated with the spinflip scattering of conduction electrons at the interface respectively, thus transferring spin angular
momentum from FI to N and from N to FI through exchange interaction. [72]
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CHAPTER 5 : SPECTROSCOPY ON MnF2
This chapter presents the results of AFMR spectroscopy and the associated fitting simulations
performed to characterize the MnF2 samples used in the studies presented in this thesis.

5.1 Introduction
Spectroscopy reveals valuable information on antiferromagnetic resonance such as resonance
position, line width, etc. which provide great insight into the physics of a given antiferromagnetic
system. In most EPR experiments, absorbance of microwaves is the standard way to find resonance
position and to overcome the problem of weak signals, resonant cavities can be used. In a resonant
cavity, standing waves are set up with their electric field and magnetic field exactly out of phase
as shown in Figure 5.1.

At resonance, the resonant cavity stores microwave energy such that no radiation is reflected back.
This is critical coupling of resonant cavity and is measured by the quality factor 𝑄 of the cavity
given as:
𝑄=

𝑓𝑜
∆𝑓

where 𝑓𝑜 is the resonance frequency and ∆𝑓 is the width at half height of resonance.
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(5.1)

Figure 5.1: Normalized axial electric field and azimuthal magnetic field as a function of radius
for TM010 mode in a cylindrical cavity

For measurement purposes, the sample is placed where the electric field is minimum and magnetic
field is maximum. The sample absorbs microwave energy at resonance, lowering Q and the cavity
is no longer critically coupled. As a result, microwaves are reflected back and can be measured.
Thus, the measure of absorption gives the resonance position for a sample. In EPR spectroscopy,
microwaves of a certain frequency are sent to the cavity holding the sample using waveguides and
magnetic field sweeps are taken.
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Figure 5.2: Illustration of differences in resonance signal between over-coupled, critically coupled
and under coupled resonant cavity

EPR spectrometers use phase sensitive detection that enhances signal sensitivity significantly and
diminishes noise. The noise in signal can be minimized by sinusoidal modulation of magnetic field
at the sample site which ensure that if there is an EPR signal, field modulation quickly sweeps
through part of the signal and reflected microwaves become amplitude modulated at the same
frequency which can then be detected. Noises and electrical interference are not amplitude
modulated and thus are not detected.

5.2 Experimental Setup: Quasi-heterodyne Spectrometer
All the experiments were performed at the National High Magnetic Field Laboratory, Tallahassee,
Florida in the quasi-optical spectrometer with a heterodyne detection scheme. This spectrometer
is designed for real time resolution and multifrequency operation and utilizes high frequency
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Schottky diode mixers with a detection bandwidth of the order of 1GHz [81]. Its quasi-optical
design optimizes sensitivity and minimizes losses. It employs an induction-mode detection
technique that includes circular corrugated waveguides. The direction of propagation is maintained
parallel to the magnetic field [81]. The description for the setup is taken from [81].

This spectrometer does require dedicated mixers and detectors as well as a second high-frequency
source to work as the local oscillator which limits the number of operative frequencies. Currently
4 frequencies are operable: 120GHz, 240GHz, 336GHz and 395GHz although interchanging the
source and local oscillator allows a few more frequencies.

The basic schematic of the setup is shown in Figure 5.3. Phase locked Gunn diode (G2) generates
source millimeter waves of required frequency (TE01 mode) which is then transformed to HE11
mode in a circular waveguide by a corrugated horn (0.3dB loss) which allows this broadly
Gaussian beam to gently expand to an overmoded aperture with zero phase curvature. From the
horn, the beam enters the quasi-optical millimeter wave bridge (dotted box) where it first passes
through a variable attenuator (0-30dB) and then through a circulator located between a pair of
wire-grid polarizers and consists of a 45o Faraday rotator made up of a ferrite plate with
antireflection coatings. The circulator acts as an isolator to dampen the standing waves and redirect
the beam towards the reference detector. Beyond the circulator, the radiation enters the MartinPuplett interferometer that serves to convert the polarization of radiation by splitting the incoming
linearly polarized beam into two ±45o polarized beams and then recombining them with a variable
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phase shift thereby converting a linearly polarized incoming beam into left or right handed circular
polarization or into perpendicular linear polarization. The Martin-Puplett interferometer is
particularly suited for our project as it is very useful in measurements involving thin films with the
dc magnetic field in the plane of the film and the millimeter wave propagation direction
perpendicular to the plane of the film and the dc magnetic field. The radiation emerging out of the
interferometer is carried by corrugated waveguides (internal diameter: 18mm for 120GHz and
22mm for 240GHz) to the sample.

The radiation that returns from the sample is split into two components by a wire grid polarizer.
The co-polar beam is carried to the circulator and then onto the reference Schottky diode mixer
(M1) while the cross-polar beam travels to the signal Schottky diode mixer (M2). To both these
beams, another beam serving as a local oscillator signal is added which is generated by the second
Gunn oscillator (G1) which operates at a frequency which is 6GHz below the source frequency
thereby generating IF signals of 6GHz. The IF signals get amplified by low noise amplifiers, pass
through variable attenuators and then 6GHz mixers M3 and M4 mix it down to dc in a quadrature
detection scheme. Phase tuning is achieved by a 6GHz phase shifter in the reference channel. The
quadrature detection scheme is particularly useful in cases where a cavity or resonator are not
applicable as a mixture of absorption and dispersion signals (mutually 90o out of phase that allows
decreased error) is measured which allows phase corrective manipulation to occur after data
collection. The signals from the mixers M3 and M4 are then led to a pair of lock-in amplifiers
(SR830) for field-modulated cw EPR or to a digital oscilloscope for transient EPR.
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Figure 5.3: Experimental setup of the Quasi-Heterodyne Spectrometer at the National High
Magnetic Field Laboratory, Tallahassee, FL[81]

5.3 Sample Preparation
For the work presented in this thesis, MnF2 was obtained from a large single crystal of MnF2
provided by Art Ramirez (Materials Advancement Portal at UC Santa Cruz). The crystal was cut
by D. Lederman and S. Morley of Department of Physics, UC Santa Cruz, along the [001] direction
and the resulting (110) surface was mechanically polished and acid etched to produce a smooth
surface with RMS roughness of 0.9nm.
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Figure 5.4: Precut single crystal of MnF2 that was divided into four quadrants. Three were used
for sample preparation and the fourth was kept for characterizations. The size of each quadrant
is about 10mm by 10mm.

On this surface, 10nm of MnF2 was grown as a buffer layer at 250oC via molecular beam epitaxy
(MBE) at a base pressure of 1.1x10-9 Torr and a growth rate of 0.003 nm/s and then cooled close
to room temperature of 28oC. Finally, without breaking vacuum, 4nm of Pt layer was deposited
via electron beam evaporation to obtain a contaminant-free interfacial layer. The final RMS
roughness of the top Pt layer was 1.6nm.
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Figure 5.5: MnF2 single crystal/ MnF2 10nm thin film/ Pt 4nm heterostructure. On the left is the
AFM image of the top layer of Pt which shows average RMS roughness of about 1.6nm.

5.4 Sample Mounting
The sample is prepared by cleaning the Pt surface with Acetone/Isopropanol. Then for
spectroscopic measurements, the sample is mounted on a single axis rotator below the end of a
quasi-optical feedhorn with an exit diameter of 5mm. The rotator allows for a continuous variation
of the angle between the MnF2/Pt interface plane and externally applied magnetic fields with a
precision of around 0.5 degrees. The direction of mounting is illustrated in Figure 5.5b. The sample
has been cut such that the c-axis of MnF2 is in plane of the sample and thus the mounting of sample
is performed such that the field is applied along the plane of the sample. The sample rotator is then
rotated to decrease the misalignment between the c-axis and the applied field with spectroscopic
signal to guide in the process.
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Figure 5.6: (a) Sample mounted for EPR measurements. (b) Illustration of sample mounting with
respect to the external field, microwave field and the easy axis of the sample.

5.5 Spectroscopic results on MnF2
A total of three different samples were used to acquire the spectroscopic results presented in this
section. Four different frequencies were sampled: 120GHz, 240GHz, 336GHz and 395GHz, out
of which, the former two belong to the low frequency mode and the latter two belong to the high
frequency mode. Table 5.1 lists the samples and the frequencies they were sampled with.
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Table 5.1: List of samples used for the data presented in this thesis and the frequencies they were
investigated at.

120 GHz

240 GHz

336 GHz

395 GHz

Sample I
Sample II
Sample III

All AFMR measurements were performed with linearly polarized microwaves which can be
visualized as superposition of two circularly polarized waves. All the expected frequency modes:
low frequency AF resonant mode, high frequency AF resonant mode, spin-flop transition and high
field spin-flop mode are observed across the three samples. For all the samples, signal is observed
close to the expected resonance positions [21] for the individual frequencies. Several thicknesses
of the sample, both on single crystal MnF2 and crystalline MgF2 were tested. While thin films on
MgF2 substrate gave very broad signals, with thicker crystals of MnF2 as substrate the signals were
very strong. This can be attributed to the fact that the size of MnF2 crystal is quite large with respect
to the sensing area of the spectrometer resulting in a saturation of the sensitivity of the EPR probe.
Considering the fragility of the sample, 200-300µm thick single crystal of MnF2 was chosen as
substrate for the results presented here. The appendix I catalogues the signals obtained for both
thin films on MgF2 substrate as well as thin films on MnF2 crystals. The signal is strong and rapidly
oscillatory when MnF2 resonates with the microwave field corresponding to the different resonant
modes as can be observed in Figures 5.8-5.10. Such signal is difficult to resolve to extract line
width information and yet allow to determine the energy landscape associated with the AF modes
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of the sample and the corresponding misalignment of the easy axis with respect to the applied field.
The position of resonance can be estimated with some degree of precision. This, coupled with the
position of spin pumping data helps to find the exact position of the AF resonances as evidenced
from Figure 5.7.

Figure 5.7: Spin-pumping data and AFMR data positions for Sample 3 for 395GHz at low-field
high frequency resonance. The red line is the AFMR spectra while the black line is the averaged
spin-pumping data. The grey line is the raw spin-pumping signal.
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The observed deviation from the exact resonance position is attributed to misalignment of the
applied field from the easy axis of magnetization (𝜃𝐻 ). The value of 𝜃𝐻 not only determines the
deviation of the signal but it also determines if the spin-flop signal is observed at low frequencies,
as evidenced by Figure 5.10. The 120GHz signal for Sample 3 at the spin-flop transition is
observed alongside the high frequency spin-flop mode signal due to a smaller degree of
misalignment (𝜃𝐻 < 1𝑜 ). The spin flop transition was not observable in Sample 2, as a result of a
larger degree of misalignment. The effect of misalignment is clarified further by the fitting results
in the following section.

In Sample 1 and 2, all three resonance positions: low field, spin-flop transition and the spin-flop
mode can be observed. This observation can be attributed to the misalignment in the sample. If
there were no misalignment, the spin-flop mode resonance would occur at a field outside the range
of the experimental setup preventing it from being observed. But by introducing misalignment,
these modes can be investigated. In Sample 1, the misalignment is less than 1o and so the signal
at spin-flop mode for 240GHz appears at the very limit of the field as the maximum available field
of 12.5T is insufficient to resolve this signal (see Figure 5.8). In Sample 2, the misalignment is
larger, allowing for this signal to be more prominently visible (see Figure 5.9).
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Figure 5.8: Spectroscopy results on Sample 1 for frequencies 120GHz, 240GHz and 336GHz. The
red circles denote non-reproducible experimental artefacts and do not contribute to the actual
data.

Some of the signals also show the presence of artifacts such as the ones for Sample 1 at 336GHz
and 240GHz (Figure 5.8) as well as for Sample 2 at 240GHz (Figure 5.9). These artifacts can be
attributed to features inherent to the measurement setup as they are not reproducible in different
field sweeps.
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Figure 5.9: Spectroscopic results on Sample 2 for frequencies 120GHz, 240GHz and 336GHz. The
red circle denote non-reproducible experimental artifacts and do not contribute to the actual data.
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Figure 5.10: Spectroscopic results on Sample 3 for 120GHz and 395GHz

5.6 AFMR Fitting Results
The AFMR results were fitted in a free energy approach using the mathematical formulation
described in Section 3.4. These calculations are based on the formalism developed by Vonsovskii
[55] and coded by Marc Philip Ross [44]. The codes were run in MATLAB® and the fitting
parameters are listed in Table 5.2. Calculations were made for the magnetic field range used in the
experiment.
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Table 5.2: Fitting parameters used in this thesis.

Saturation

Exchange

Anisotropy Field Gyromagnetic

Damping

Magnetization (𝑀𝑠) Field (𝐻𝐸 )

(𝐻𝐴 )

Ratio (𝛾)

Constant (𝛼)

0.06T

0.8T

𝛾𝑒

47.05T

0.001

The results of the fitting simulation are shown in Figure 5.11 for four different angles of
misalignment. The parameters in the Table 5.2 were adjusted for best fit of the data in Sample 13. It can be observed that while for low-fields, the effect of misalignment is minimal, it becomes
more pronounced at higher fields particularly around the spin-flop transition.

At smaller angles of misalignment, the three major regimes of AFMR spectra can be seen. For
𝐻 < 𝐻𝑆𝐹 , there are two frequency branches as predicted by Kittel [56]. Misalignment has very
little effect in this regime, particularly for 𝐻 ≪ 𝐻𝑆𝐹 . The zero-field degeneracy is calculated at
about 263GHz for the fitting parameters listed in Table 5.2. For spin-flop transition (𝐻 = 𝐻𝑆𝐹 ), at
zero misalignment, the high frequency branch suddenly drops towards zero frequency while the
low frequency branch linearly reaches zero frequency. For increasing misalignment, there is a
broader drop in the high frequency branch and has a smaller frequency span than the one for zero
misalignment. The low frequency branch however does not completely reach zero frequency at
𝐻 = 𝐻𝑆𝐹 .
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Figure 5.11: Calculated AFMR spectra for MnF2 with four different misalignment angles that are
color coded as follows: Black = 0o, Red = 0.9o, Green = 3o, Blue = 7o.

In the regime 𝐻 > 𝐻𝑆𝐹 , for zero misalignment, only one non-zero frequency resonance mode exists
in accordance with Nagamiya’s results [57], which is the high frequency mode. This mode is called
the spin-flop mode and has a quasiferromagnetic nature to it as explained in Section 3.3.1. The
low frequency mode attains a zero value after 𝐻 = 𝐻𝑆𝐹 . But with increasing misalignments, the
low frequency mode attains a finite non-zero value that moves towards higher frequencies with
increasing misalignments while the high frequency mode increases almost linearly with applied
field for 𝐻 ≫ 𝐻𝑆𝐹 .
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The results of the simulation agree very well qualitatively with the established results of Hagiwara
et.al. [21]. The fitting parameters differ from the ones used by Kittel which results in a different
value for zero-field resonance as well as spin-flop transition but fits very well with the data as seen
in the following section. Kittel used an effective field approach while this simulation is based on
a free energy approach. Results obtained by Kittel and Nagamiya describe the regimes 𝐻 < 𝐻𝑆𝐹
and 𝐻 > 𝐻𝑆𝐹 respectively while this approach is able to calculate the AFMR spectra across the
two regimes as well as the spin-flop transition which is yet to be understood fully. Thus, this
simulation is utilized to fit the AFMR data.

The results of fitting data points with simulation are shown in Figure 5.12 and it can be observed
that the simulation fits the AFMR data obtained in MnF2 very well.

Figure 5.12: AFMR data fitted with simulation for the three samples. The symbols represent AFMR
data points while the solid lines are obtained from simulation. Each sample has a different
misalignment angle and the zero misalignment data is also represented for comparison in each
chart.
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All three samples used came from a single original sample cleaved in several pieces, so no
structural or magnetic changed are expected. The only difference relies on the misalignment of the
different samples with respect to the direction of application of the magnetic field. Different
samples were required for a complete data set as even a small misalignment introduces strong
magnetic torque due to strong magnetic fields forcing the sample to detach from the sample holder
with high velocity. Since the sample is rather fragile, such motion resulted in the sample to break
into multiple pieces and ultimately be unrecoverable. With each new mounting, the rotator attached
to the sample holder can be used to rotate the sample in plane and minimize the misalignment to a
precision of 0.5o. However, such rotation can be safely performed only at low fields where the
effect of misalignment is not so pronounced. While efficient minimization of misalignment is
possible at higher fields, any movement away from zero misalignment induces torque on the
sample making the process quite challenging. As a result, we have different misalignment angles
for the three samples.

It can be observed through fitting in Samples 2 and 3 that for larger misalignments, the spin-flop
transition and high field spin-flop mode become unobservable for low frequencies. This shows the
sensitivity of AFMR spectra towards misalignment of applied field from the easy axis. Of the four
sampled frequencies, 120GHz is most prone to misalignment as even a misalignment of 𝜃𝐻 ~1o
prevents the high field signals to be observed. However, for our spin-pumping measurements,
240GHz provides enough qualitative data that misalignment becomes less concerning. In fact, for
the high-field spin-flop mode, the presence of misalignment allows the signal to be observed and
studied for 240GHz within the available range of magnetic fields (maximum of 12.5 T), since the
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misalignment shifts the SF mode to lower fields. This can be easily observed in Figure 5.8, where
for a small misalignment angle (𝜃𝐻 ~1o ) between the anisotropy axis and applied field, the
maximum available field of 12.5T is not sufficient to resolve the spin-flop mode at 240GHz, while
the spin-flop transition mode and high field spin-flop mode are so close that cannot be resolved.
For larger frequencies of 336GHz and 395GHz, the spin-flop mode is out of reach. To solve this
issue, the samples were rotated to establish a misalignment between the easy axis and the applied
field resulting in a broadening of the spin-flop transition and a low-field shift of spin-flop mode
towards lower frequencies as seen in the case of Sample 2.

5.7 Theoretical calculation of the net magnetization
The projection of net magnetization of the system for a given applied field and a given
misalignment was calculated from the equilibrium orientation of the magnetization vectors at that
field. Figure 5.13 shows the various projections of net magnetization of the system (𝑴𝑛𝑒𝑡 = 𝑴1 +
𝑴2 ) at equilibrium as a function of the applied magnetic field for the three misalignment angles
between the easy axis (z-axis) and the applied field that best fit the three samples.

79

Figure 5.13: Net Equilibrium Magnetization in MnF2: Projections of the net equilibrium
magnetization (𝑀 = 𝑀1 + 𝑀2 ) in the x and z directions for the three misalignment angles (𝜃𝐻 )
between the anisotropy axis (𝐻𝐴 ∥ 𝑧) and the applied field with the misalignment occurring in the
x-direction. The grey dashed line represents 𝜃𝐻 = 90°.

It can be observed that for 𝜃𝐻 = 0°, there is no net magnetic moment below 𝐻 < 𝐻𝑆𝐹 . It develops
abruptly at 𝐻 = 𝐻𝑆𝐹 and then increases linearly with field for 𝐻 > 𝐻𝑆𝐹 . For 𝜃𝐻 = 3° and 𝜃𝐻 = 7°,
the net magnetic moment increases gradually as field approaches 𝐻𝑆𝐹 . For sufficiently low applied
fields (𝐻 ≪ 𝐻𝑆𝐹 ), the lattice magnetizations completely cancel at equilibrium and the net spin only
arises due to the differences in the precessional cones of the two magnetization vectors. Such
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precessional motion is different in different AF modes and thus the net magnetic moment is
oriented in different directions for such modes: along the field (positive moment) for the low
frequency mode and against the field (negative moment) for high frequency mode.
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CHAPTER 6 : ISHE RESULTS ON MnF2

This section presents the results and corresponding analysis of spin-pumping measurements on
MnF2. The most relevant data are presented here for analysis, while some complementary data
will be presented in Appendix II.

6.1 ISHE Voltage Measurement Setup
For spin-pumping measurements, the standard procedure to acquire ISHE voltage is adopted. Two
leads are placed on the Pt surface of the sample along the edges parallel to the c-axis using
commercially available silver paint. The leads are connected to micro-coaxial transmission lines
that feed the signal to a lock-in amplifier (SR 850). A 50% duty cycle pulse is applied, and voltage
is measured after passing through a pre-amplifier. An illustration of the sample and contact
directions can be found in Figure 6.1. The sample and the rotator are mounted at the end of a probe
stick made of corrugated waveguides that is then put inside a cryostat with flowing liquid Helium.
All measurements are done at 3.5K.
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Figure 6.1: Illustration of the device geometry for spin pumping and ISHE measurements. The
misalignment angle 𝜃𝐻 is to be minimized by rotating the sample.

6.2 ISHE results on MnF2
When spin pumping due to precessing magnetization occurs across the interface of a non-magnetic
material and a magnetic material, a transverse voltage appears across the non-magnetic material
via the ISHE, provided a sizable spin-orbit coupling (SOC) in the non-magnetic layer. Therefore,
the ISHE voltage can then be used as a measure of spin pumping across the interface.
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In our experiments, polarized microwaves were applied and clear ISHE voltage signals associated
with the antiferromagnetic resonances were observed for all three samples and at all four
frequencies. A monotonous signal background has been subtracted from all the ISHE spectra and
Figure 6.2 shows a typical ISHE signal obtained for 336GHz in Sample 2. Clear signals are
observed for both the low field resonance of the high frequency mode and spin-flop transition
consistent with the EPR spectra of 336GHz. As can be observed, the signals reverse sign when the
applied field is reversed which is consistent with time reversal symmetry. The handedness of the
applied microwaves was also reversed, and the effect was observed in the magnitude of the ISHE
signal. The strength of the signal at spin-flop transition varied with reversal of field and reversal
of circular polarization. The effect on the low field resonance mode was even more stark as the
signal appeared only at positive field (2.69T) for right-handed circular polarization and then for
left-handed circular polarization, the signal appeared only at negative field (-2.69T) with opposite
polarity.
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Figure 6.2: ISHE signal for Sample 2 at 336GHz. The voltage signal correspond to the resonance
position observed in spectroscopic measurements.

Cheng et al. developed the theoretical framework to understand dynamical spin injection from an
AF material undergoing coherent precession (AFMR) into an adjacent non-magnetic material [45]
(see also [46]). Contrary to the conventional wisdom that spin pumping from antiparallel sublattice
spins would cancel out, Cheng et al. established that coherent resonant rotations of different
sublattice spins contribute constructively to the pumped spin current. Consequently, it is the Néel
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vector 𝑳, rather than the vanishingly small magnetization 𝑀, generates the most essential part of
coherent spin pumping. Furthermore, it was predicted in [45] that the polarization of the driving
ac field determines the direction of the pumped spin current because dynamical modes with
opposite chirality coexist in a collinear AF system; and they can be selectively excited by an ac
field with matching polarization. In other words, spins are pumped either parallel or antiparallel to
the applied magnetic field depending on whether the right- or left-handed mode is excited (by a
right- or left-handed circularly polarized stimulus). Therefore, by changing the handedness of the
circular polarization and the frequency of irradiation at a given magnetic field, opposite spin
currents are generated in the adjacent non-magnetic material and transform into opposite ISHE
electric signals.

The measured ISHE spectra in samples 3 and 2 are shown in Figure 6.3 (2a-b) for 𝑓=395 GHz and
6.3 (2c-d) for 𝑓=240 GHz, respectively. Figure 6.4 shows the power dependence data for 𝑓=395
GHz. For 𝑓=240 GHz, clear voltage signals were observed associated with the spectroscopic
spectra for the LFM, the SF transition, and the SFM. All signals reversed sign when the applied
magnetic field reversed direction, which is consistent with the time reversal symmetry. But their
magnitudes were apparently different under the reversal of the handedness of the microwave
stimuli, implying that chiral AF modes were selectively excited according to the circular
polarization. This contrasting magnitude becomes the most striking feature in Figure 6.3 (c) and
(d), where the LFM only appears at a positive (negative) field (𝜇0|𝐻|=0.80 T) for the left (right)handed irradiation. This is indeed the expected behavior of a circularly-polarized AF mode in the
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presence of an external magnetic field. For positive (negative) fields, the LFM mode’s chirality is
left (right)-handed as it has a spin angular momentum parallel to the magnetic field, while the
opposite is true for the HFM. There is also a noticeable difference in the strength of the SF signals
by reversing only the magnetic field or only the circular polarization. On the other hand, the
magnitude of the SFM resonance basically remains constant, which we will discuss further below.

Figure 6.3: ISHE signal obtained in Sample 3 at 395GHz for (a) left-handed (b) right-handed
circularly polarized microwaves and in Sample 2 at 240GHz for (c) left-handed (d) right-handed
circularly polarized microwaves.
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Figure 6.4: Power Dependence of the ISHE: (a) ISHE signal obtained at the Spin-Flop transition
in Sample 3 at 395GHz for different powers of the microwave source and (b) corresponding power
dependence with a linear fit.

6.2.1 Coherent Spin Pumping vs Incoherent Spin-Seebeck Effect
A central question arises from these observations: Do the voltage signals originate from coherent
spin pumping at the MnF2/Pt interface, or the incoherent spin Seebeck effect [18] induced by a
temperature gradient resulting from microwave heating? In ferromagnets, this is quite a
challenging question since only the right-handed mode exists, thus both coherent and incoherent
contributions have the same spin polarization that electrical measurements alone cannot
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distinguish [82]. The situation is fundamentally different in antiferromagnets. The coexistence of
both chiral modes in AF systems allows us to discern between coherent and incoherent
contributions from the electrical measurements alone. The high frequency (395GHz) data for
Sample 3 in Figure 6.3 2a-b (see analogous data for Sample 2 in Appendix B and related
discussion) indicate that electric signals from the HFM resonance (at 𝐻=±4.7 T) behave in the
exact opposite way than the LFM when switching polarities. The HFM signal only appears at
positive (negative) fields with the right (left)-handed irradiation, as it corresponds to the right
(left)-handed chirality of the excited AF mode. On the other hand, the sign of spin Seebeck effect
would be independent of the microwave handedness, because it always primarily originates from
the LFM mode (thermally more populated than the HFM) even if the microwave heating stems
from the resonant absorption of microwave energy by the HFM. Therefore, our experimental
observation unambiguously demonstrates that the effect originates from coherent spin pumping
and the ISHE in Pt.

Given the unambiguous coherent origin of the signals, we can further estimate the spin-mixing
conductance of the MnF2/Pt interface from the measured ISHE voltage. Taking into account the
back-flow of spin current in the Pt layer, and scaling the spin-mixing conductance into the areal
2

density of 𝑒 ⁄ℎ, we obtain [83, 84]:
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(6.5)

where 𝐿 is the distance between the two voltage leads; 𝑑𝑁 , 𝜃𝑆 , 𝜆, 𝜎 are the thickness, the spin Hall
angle, the spin diffusion length and the conductivity of the Pt layer; 𝛼 is the Gilbert damping in
MnF2; 𝜔𝑅 is the angular frequency of AFMR and 𝐵⊥ is the amplitude of the magnetic field of the
circularly-polarized microwaves. The following values have been used from literature: for MnF2,
𝐻𝐴
𝐻𝐸

≈ 1.8% and 𝛼 ≈ 0.5 × 10−3 ; for Pt layer, 𝑑𝑁 ≈ 4nm, 𝜃𝑆 ≈ 0.04, 𝜆 ≈ 4nm and 𝜎 ≈

2 × 106 S/m. At the peak (dip) of 240GHz resonance, 𝐵⊥ ≈ 200mG and 𝑉𝐼𝑆𝐻𝐸 ≈ 25𝑛𝑉. Using
these values in Eqn. 6.1, the spin mixing conductance is estimated as 𝑔𝑟 ≈ 4.3 × 1018 m-2, which
2

converts to ≈ 1 𝑒 ⁄ℎ per unit cell area on the interface. This value, though a rough estimate due to
uncertainty in some of the parameters, is very consistent with the theoretical prediction [45, 46].
Here we point out that the extracted spin-mixing conductance is of a similar magnitude compared
to that in ferromagnet/normal metal heterostructures, which confirms the theoretical picture that
opposite sublattice magnetizations can constructively pump spins, not cancel.

6.2.2 Spin-flop transition and the high magnetic field spin-flop mode
Now we consider the behavior of the SF and SFM signals. While the handedness of the microwave
polarization modulates the SF resonance, it does not affect the SFM resonance. As can be seen in
Figure 6.3, for positive (negative) fields, the strength of the SF resonance is more pronounced
when the polarization is right (left)-handed, which is the case for both frequencies. In other words,
the modulation of the SF resonance with circular polarization seems to follow the behavior of the
HFM resonance. This feature is not surprising as the HFM retains its essential characteristics while
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the system undergoes a gradual evolution of spin configuration from the collinear AF ground state
into a high-field spin-flop state. After the spin-flop transition, the spin dynamics starts to exhibit
some characteristics of a ferromagnet as the total magnetization grows with an increasing magnetic
field until the remaining HFM characteristics eventually disappear.

Figure 6.5 highlights this result more clearly, where we show all ISHE signals as functions of the
relative phase that determines the circular polarization of the microwaves. While both the LFM
and the HFM clearly show oscillatory patterns, the SFM signal has an essentially constant
magnitude. On the other hand, the SF resonances display a mixture of both regimes—they oscillate
on top of a constant background signal, which seems to coincide with the magnitude of the SFM
at 240GHz (see the connecting arrow in Fig. 3l). Figure 6.7 shows a direct comparison of the
magnitudes of the LFM, SF and SFM signals observed at f = 240GHz for both positive and negative
magnetic fields.
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Figure 6.5: Circular Polarization Modulation of Spin Pumping: Evolution of the ISHE signals
with applied field as a function of the polarization of the microwaves for (a-f) 395GHz and (g-l)
240GHz. Polarization phases 0° and 360° correspond to right handed circular polarization and
polarization phase 180° corresponds to left handed circular polarization.

In order to understand the evolution of spin pumping (especially its sign) from the low-field regime
(𝐻 < 𝐻𝑆𝐹 ) to the spin-flop regime (𝐻 > 𝐻𝑆𝐹 ), we resort to the following observations: (i) At low
fields, the chirality of spin precession (right-handed vs. left-handed) is locked to the spin angular
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momentum (spin-down vs. spin-up), see Figure 6.6. While the former refers to the rotational
direction of the Néel vector, the latter refers to the z-component of the total magnetization.
Therefore, we are able to tell the sign of spin pumping from either the Néel vector precession or
the spin angular momentum. (ii) In the spin-flop regime, a finite magnetization along the magnetic
field is induced in the ground state, which, when driven into resonance, always rotates in a righthanded manner similar to a ferromagnet [85]. Correspondingly, the non-equilibrium spin angular
momentum of the SFM is always spin-down. Therefore, we can again tell the sign of spin pumping
by simply focusing on the direction of spin angular momentum.

Figure 6.6: Illustration of the types of handed-ness of the precession of the Néel vector based on
the precession of the sublattice magnetizations. The external field is applied along the anisotropy
axis.
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Figure 6.7: Magnitudes of the ISHE signals for the LFM, SF and SFM resonances as a function
of polarization value for both positive and negative field.

As schematically displayed in Fig. 6.8, point 1 (HFM) and point 4 (SFM) clearly show opposite
signs in their spin angular momenta, hence opposite pumped spin currents. This indicates that in
the intermediate regime (the narrow window of spin-flop transition), there must be a point across
which the total spin angular momentum flips sign. The HFM (SFM) characteristics dominates just
below (above) that particular point, as marked by point 2 (point 3). However, the exact position of
this critical point and how the eigenmodes evolve in the vicinity of that point can only be
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determined numerically in the presence of a finite misalignment angle. In Figure 5.13, we
calculated the net equilibrium magnetization as a function of field, where we can qualitatively
verify the above behavior. The subtle behavior in the vicinity of spin-flop transition calls for a
much more rigorous measurement with more available microwave frequencies, which goes beyond
the capacity and the scope of this thesis.

Interestingly, once deep into the SFM region, the ISHE signal no longer exhibits a dependence on
the microwave polarization. Moreover, the sign of the observed ISHE at the SFM resonance is not
consistent with the coherent picture discussed in the previous paragraph. This strongly suggests
that spin currents from the SFM resonance are of thermal origin and are not related to coherent
spin pumping at high fields. In fact, surface effects are likely to modify the magnetic anisotropy,
slightly breaking its uniaxial symmetry. As a result, the Néel vector always flops into an easy
direction perpendicular to the magnetic field, and correspondingly, the SFM mode becomes
linearly-polarized and coexists with another linearly-polarized mode of a different frequency. We
note that coherent spin pumping only stems from the uniform precession of the Néel vector (i.e.,
𝑘=0). If the uniform precession becomes linearly polarized, there is simply no dc spin current.
However, microwave heating reaches a maximum at the SFM resonance, creating a temperature
gradient across the MnF2/Pt heterostructure that results in a spin Seebeck current flowing into the
Pt. The spin Seebeck effect involves all magnon modes from both linearly-polarized branches
throughout the Brillouin zone, where circular polarization is gradually retrieved as the wave vector
𝑘 goes larger. With the above considerations, we believe that the polarization-independent ISHE
signal observed at the high-field SFM most likely originates from the spin Seebeck effect.
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Figure 6.8: Illustration of the orientations of the sublattice magnetizations 𝑴1 and 𝑴2 and the
applied field 𝑯 with the anisotropy axis along the z-direction for four resonance points (1-2 for
395GHz and 3-4 for 240GHz) representative of the changes in AF dynamics while transitioning
from the high frequency AF resonance mode to the spin-flop mode through the spin-flop transition.
The upper sketches represent the orientation and spin polarization of the pumped spin current and
the induced ISHE electric field with respect to the measuring circuit in the sample. The lower
insets illustrate the precessional cones of 𝑴1 and 𝑴2 for each resonance points discussed here.
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CHAPTER 7 : CONCLUSIONS
This thesis has successfully exhibited spin pumping from an antiferromagnetic insulator MnF2 for
the first time. The nature of the signal convincingly proves the origin of the ISHE voltage signal
is coherent dynamical spin pumping and not the incoherent spin Seebeck effect. Future work in
this project can include study of temperature dependence of the ISHE signal as well as spin
pumping in other systems. As suggested by Cheng and Brataas, FeF2 is the next promising
candidate similar to MnF2 for spin pumping measurements and may exhibit interesting physics
particularly close to the zero field degeneracy[46]. In addition, biaxial systems like NiF2 may
exhibit inertial behavior and can work as THz oscillators as theoretically predicted by Slavin et.al.
[86]. Thus, this thesis project can be advanced in many different directions.

The results presented in this thesis open door to advancements in controlling and understanding
spin-transfer torques in antiferromagnetic-based systems. Future work in spin pumping may also
reveal the relation between the structural symmetries of antiferromagnets, the characteristics of
their spin dynamics and the polarization of the associated THz signals, which can help to design
future generation of spintronics devices with antiferromagnets as the major component.
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APPENDIX A: AFMR AND ISHE RESULTS FROM SAMPLES WITH
MGF2 SUBSTRATE AND MNF2 SUBSTRATE
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The project initiated with thin films of MnF2 grown on MgF2 substrate. Figure 1 illustrates the
sample composition.

Figure 1: Sample composition of MnF2 on MgF2 substrate

The AFMR spectra of the sample revealed very broad features which made any resonance points
indiscernible. The ISHE voltage measurement showed a signal that was again quite broad and
asymmetrical as shown in Figure 2. The signal peak occurs at a point below the spin-flop transition,
but individual signals associated to resonance points were not observed. The signal does reverse
sign with field reversal but does not do so with reversal of polarization of microwaves. The nature
of the signal is also unchanged as higher frequencies are sampled although the magnitude of the
signal decreases as the frequency increases (Figure 3) which can be attributed to the fact that the
power of the source decreases as one goes up from 120GHz to 336GHz.
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Figure 2: ISHE signal obtained from MnF2 grown atop MgF2 substrate for right handed and left
handed circular polarization at 120GHz.
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Figure 3: ISHE signal from MnF2 thin film (60nm) grown atop MgF2 at 120GHz, 240GHz and
336GHz with right handed circular polarization

The failure to observe AFMR can be attributed to the fact that the AFMR films were very thin to
absorb microwaves. The ISHE signals are also indistinguishable which leads to the possibility that
the magnetization of MnF2 (antiferromagnetic) is not commensurate with that of MgF2 (which is
diamagnetic in nature). This led to a change in methodology of sample growth. In order to ensure
that proper AFMR is observed and the magnetization is uniform throughout the sample, single
crystal MnF2 was chosen as substrate (2mm).
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Figure 4: Sample composition of MnF2 on single crystal MnF2

The AFMR spectra obtained from the sample shown in Figure 5 was quite intense due to complete
absorption of microwaves that made finding the exact position of resonance impossible. Figure 5
exhibits the AFMR spectra for low fields for both circular polarization. The spectra does show
selective intensity towards the handed-ness of polarization.
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Figure 5: AFMR spectra of thin film MnF2 grown on top of single crystal MnF2 (2mm) for left and
right circular polarization.

The inability of obtaining discernible resonance signal for AFMR was attributed to the thickness
of the MnF2 crystal. The spin pumping signal was also very noisy. As a result, another set of
sample was prepared with the single crystal polished to a thickness of 200-300µm. Even though
an ideal thickness of 100µm was expected to give well resolved EPR signal, the thickness was
chosen to be 200-300µm due to the fragility of the sample. Thus, a sample made of 200-300µm
thick MnF2 single crystal was chosen as a substrate to grow 10nm of MnF2 and then 4nm of Pt.
The thin film of MnF2 served to create a smooth surface for Pt to be deposited via e-beam
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evaporation so as to create a smooth interface between the antiferromagnet and the non-magnetic
material. Such sample provided the results presented in this thesis.
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APPENDIX B: SPIN PUMPING RESULTS FOR 120GHZ
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The results of spin pumping at 120GHz needs to be discussed separately. 120GHz belongs to the
low frequency AF resonance mode at low fields. The spin-flop transition and the spin-flop mode
are quite close to each other and even a small misalignment can render these resonance points
unobservable as seen from the AFMR spectra calculations in Figure 5.11. The resonance spectra
for the three samples have already been discussed in Chapter 5. This appendix will include the
spin pumping results at 120GHz obtained from Sample 2. The results from Sample 1 are similar
to the ones in Sample 2.

Figure 7 illustrates the ISHE signal corresponding to the low-field AF resonance mode at 120GHz
in Sample 2. Despite the asymmetric signal observed on the positive (negative) field for left (right)
handed circular polarization, the signals behave in the same way as they do for 240GHz. When
compared with high frequency 395GHz, the spin pumping picture explained in Figure 6.7 is still
consistent. Though signal is observed at both positive and negative field, the intensity of signal is
higher for either positive or negative field for a given polarization. Since the misalignment of this
sample was larger, the spin flop transition and the spin flop mode are inaccessible and not
observed. The ISHE signals at 120GHz have the aforementioned asymmetry that makes a
quantitative analysis of the results difficult.
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Figure 6: ISHE signal corresponding to the low-field AF resonance mode at 120GHz for left and
right circular polarization in Sample 2.

The asymmetry may have its origins in an experimental artifact associated with this frequency. In
addition to this, the high power of the frequency source (150mW which is highest out of the four
frequencies) may have generated heating effect leading to a spin Seebeck signal being
superimposed on the ISHE signal originating from spin pumping. This can be concluded from the
fact that the amplitude of the signal (~250nV) is many times larger than the ones from other
frequencies.
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Figure 7: Polarization Modulation at 120GHz: Modulation of the ISHE signal at the LFM
resonance in Sample 3 at 120GHz.

Figure 7 exhibits the results of polarization modulation of the ISHE signal at 120GHz and it can
be observed that the polarization dependency follows the same pattern as for the higher
frequencies: signal is more intense for left (right) handed circular polarization in the positive
(negative) field. Thus, the fact that the overall behavior agrees with the observations at higher
frequencies reinforces the interpretations provided in Chapter 6.
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